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ABSTRACT 
E x c i s e d  c a n i n e  l a r y n x e s '  were  u s e d  t o  s t u d y  t h e  mechanism 
o f  p h o n a t i o n .  A p p a r a t u s  and p r o c e d u r e s  were  d e v e l o p e d  f o r  
p r o d u c i n g  l a r y n g e a l  c o n f i g u r a t i o n  a p p r o p r i a t e  f o r  p h o n a t i o n  
and  f o r  s u p p l y i n g  a i r f l o w  t h r o u g h  t h e  g l o t t i s .  B o t h  f l o w -  
r e g u l a t o r  and  p r e s s u r e - r e g u l a t o r  a i r  s o u r c e s  were  u s e d . .  The 
p s e u d o - s u b g l o t t a l  t r a c t  c o n t a i n e d  a window p e r m i t t i n g  a  
d i r e c t  v iew o f  t h e  v o c a l  f o l d s  f rom t h e  i n f e r i o r  a s  w e l l  as 
t h e  s u p e r i o r  a s p e c t .  P a r t i c l e s  p l a c e d  on  t h e  v o c a l  f o l d s  
s e r v e d  a s  d i s c r e t e  v i s u a l  r e f e r e n c e  p o i n t s .  A s t e r e o s c o p i c  
d i s s e c t i n g  m i c r o s c o p e  was u s e d  t o  o b s e r v e  t h e  v i b r a t i o n s  f rom 
t h e  s u p e r i o r ,  i n f e r i o r ,  o r  o b l i q u e  a s p e c t  u n d e r  s t r o b o s c o p i c  
i l l u m i n a t i o n .  A s y s t e m  u t i l i z i n g  t h e  m i c r o s c o p e  v a s  d e v e l o p e d  
f o r  d e t e r m i n i n g  t h e  a b s o l u t e  f r o n t a l - p l a n e  p o s i t i o n  o f  a n y  
p o i n t  t h a t  c o u l d  b e  o b s e r v e d  o n  t h e  v o c a l  f o l d  s u r f a c e s .  T h i s  
s y s t e m  was u s e d  w i t h  a d j u s t a b l e - p h a s e  s y n c h r o n o u s  s t r o b o s c o p i c  
i l l u m i n a t i o n  t o  m e a s u r e  t h e  t r a j e c t o r i e s  o f  p a r t i c l e s  i n  t h e  
f r o n t a l  p l a n e  when t h e  l a r y n x e s  p r o d u c e d  s t e a d y  p h o n a t i o n .  
Measurements  on  t h r e e  d i . f f e r e n t  p a r t i c l e s  d u r i n g  o n e  r u n  
s e r v e d  as q u a n t i t a t i v e  r e f e r e n c e  p o i n t s  t o  r e c o n s t r u c t  t h e  
s h a p e s  ,of t h e  g l o t t i s  a t  e i g h t h - c y c l e  p h a s e  i n c r e m e n t s .  
I n  a d d i t i o n  t o  m e a s u r e m e n t s  o f  g l o t t a l  s h a p e  d u r i n g  pho- 
n a t i o n ,  o b s e r v a t i o n s  o f  g r o s s  r e s p o n s e s  t o  c h a n p e s  i n  s u b c l o t -  
t a l  p r e s s u r e  and  t i s s u e    roper ties were made. C h e s t  r e c i s t e r  
a n d  f a l s e t t o  c o u l d  b e  p r o d u c e d .  F u n d a m e n t a l  f r e q u e n c y  i n  
c h e s t  r e g i s t e r  v a r i e d  a t  r a t e s  o f  5  t o  7  IIz./cm. I120 a s  s u b -  
g l o t t a l  p r e s s u r e  was c h a n g e d .  S u b s t a n t i a l  c h a n g e s  i n  f u n d a -  
m e n t a l  f r e q u e n c y  w e r e  p r o d u c e d  by c h a n g e s i n  l o n g i t u d i n a l  
t e n s i o n .  Some a s p e c t s  o f  t h e  p e r f o r m a n c e  w e r e  s e n s i t i v e  t o  
d e s i c c a t i o n  o f  s u r f a c e  t i s s u e s .  The a b i l i t y  t o  p r o d u c e  f a l -  
s e t t o  was more d r a m a t i c a l l y  i m p a i r e d  t h a n  t h e  a b i l i t y  t o  
p r o d u c e  c h e s t  v o i c e  when t h e  t i s s u e s  became d e s i c c a t e d .  
V i b r a t i o n  p a t t e r n s  o f  t h e  v o c a l  f o l d s  i n  c h e s t  r e g i s t e r  
w e r e  c o m p l e x .  I n d i v i d u a l  p a r t i c l e s  w e r e .  s o m e t i m e s  on  t h e  
s u p e r i o r  v o c a l  f o l d  s u r f a c e s  and  on t h e  g l o t t a l  walls d u r i n g  
d i f f e r e n t  p o r t i o n s  o f  a g l o t t a l  c y c l e .  The o v e r a l l  s h a p e  o f  
i n d i v i d u a l  p a r t i c l e  t r a j e c t o r i e s  was r o u g h l y  e l l i p t i c a l ,  b u t  
t h e  e l l i p s e s  c o n t a i n e d  p e r t u r h a t l o n s  whlch  s o m e t i m e s  fo rmed  
s e c o n d a r y  l o o p s .  P a r t i c l e s  a l w a y s  t r a v e r s e d  t h e  e l l i p s e s  
c l o c k w i s e  i n  t h e  c o o r d i n a t e  s y s t e m  w i t h  t h e  l a t e r a l  d i r e c t i o n  
t o  t h e  r i g h t .  F o r  p a r t i c l e s  on  t h e  s u p e r o m e d i a l  p a r t s  o f  t h e  
, f o l d s ,  t r a j e c t o r i e , ~  had l a r g e  v e r t i c a l  and h o r i z o n t a l  com- 
- p o n e n t s .  More l a t e r a l  p a r t i c l e s  had p r e d o m i n a t e l y  v e r t i c a l  
t r a j e c t o r i e s  and  more i n f e r i o r  p a r t i c l e s  had  p r e d o m i n a t e l y  
h o r i z o n t a l  t r a j e c t o r i e s .  
Some a s p e c t s  o f  t h e  v i b r a t i o n  p a t t e r n s  were  i n t e r p r e t e d  
a s  t r a v e l l i n g  wave phenomena.  Appa ren t  wave v e l o c i t i e s  were 
d e t e r m i n e d  by d i r e c t  measurement  and  were i n f e r r e d  f r o m  
measu remen t s  o f  p a r t i c l e  t r a j e c t o r i e s  a t  d i f f e r e n t  l o c a t i o n s  
a l o n g  t h e  v o c a l - f o l d  s u r f a c e s .  G l o t t a l  c l o s u r e  e x h i b i t e d  
w a v e l i k e  p r o p e r t i e s .  
I n  a d d i t i o n  t o  t r a v e l l i n g  wave v i b r a t l o n s  on  t h e  s u r f a c e  
membranes ,  measu red  g l o t t a l  s h a p e s  suy;Fr;ested s t r i n y :  v i b r a -  
t i o n s  o f  t h e  v o c a l  l i g a m e n t .  A mechanism o f  p h o n a t i o n  i n  
which  a e r o d y n a m i c a l l y - d r i v e n  waves on  t h e  s u r f a c e  membranes 
d r i v e  v i b r a t i o n s  o f  t h e  l i g a m e n t  was s u g g e s t e d .  
P a r t i c l e  t r a j e c t o r i e s  were  measured  a s  t h e  s u r f a c e  
t i s s u e s  o f  t h e  v o c a l  f o l d s  became d e s i c c a t e d .  The r e s u l t s  
o f  t h e s e  e x p e r i m e n t s  and  a n a l y s i s  o f  g l o t t a l  s h a p e s  measured  
d u r i n g  s t e a d y  p h o n a t i o n  s u g g e s t e d  t h a t  v e r t i c a l  components  
o f  f o r c e s  on t h e  v o c a l  f o l d s  were  I m p o r t a n t  f o r  p h o n a t i o n .  
These  e x p e r i m e n t s  showed t h a t  p a r t i c l e  t r a j e c t o r i e s  c o u l d  be  
c o n s i d e r e d  as v i b r a t i o n s  a b o u t  a  s t a t i c  o p e r a t i n g  p o i n t .  
&\ 
When t h e  v o c a l l s  m u s c l e s  were removed,  l a r y n x e s  c o u l d  
p r o d u c e  n e a r l y  normal  c h e s t  r e g i s t e r  p h o n a t i o n  b u t  n o t  f a l -  
s e t t o .  'Phis r e s u l t  h a s  i m p l i c a t i . o n s  .w i th  r e g a r d  t o  t h e  .. 
p h o n a t o r y  f u n c t i o n  o f  t h e  v o c a l i s  m u s c l e .  
P r e l i m i n a r y  measurements  o f  t h e  s t a t i c  b e h a v i o r  o f  pTe- 
p a r a t i o n s  f o r  d i f f e r e n t  v a l u e s  o f  s u b g l o t t a l  p r e s s u r e  were  
made. These  r e s u l t s  and t h e  r e s u l t s  o f  dynamic measurements  
were  u sed  t o  d i r e c t l y  t e s t  a two-mass model o f  t h e  l a r y n x  
w i t h  l i n e a r  m e c h a n i c a l  e l e m e n t s .  The ae rodynamic  a s p e c t s  o f .  
t h e  model we re  found t o  b e  a d e q u a t e  t o  a c c o u n t  f o r  measured  
p r e s s u r e - f l o w  r e l a t i o n s h i p s .  The m e c h a n i c a l  a s p e c t s  were 
found  t o  b e  i n a d e q u a t e  t o  a c c o u n t  f o r  some e x p e r i m e n t a l  re-  
s u l t s .  
THESIS SUPERVISOR: ' K e n n e t h  M. S t e v e n s  
TITLE: P r o f e s s o r  o f  E l e c t r i c a l  E n g i n e e r i n g  
Th3mas B a e r  
I a m  d e e p l y  g r a t e f u l  t o  P r o f e s s o r  Kenneth N .  S t e v e n s  f o r  ,$ 
a l l o w i n g  me t o  j o i n  t h e  Speech Communication Group and f o r  
s u p e r v i s i n g  t h i s  t h e s i s .  I t s  i n c e p t i o n  and u l t i m a t e  comple- 
t i o n  would n o t  have  been p o s s i b l e  w i t h o u t  h i s  c o n s t a n t  m i d -  
- 
ante, encouragement ,  and '  s u p p o r t .  
\ 
D r .  Dennis  11. Klatt  and P r o f .  Wi l l i am T .  Peake s e r v e d  a s  
r e a d e r s  on my d o c t o r a l  commi t t ee .  Both have  p r o v i d e d  v a l u -  
a b l e  a d v i c e  and a s s i s t a n c e  and have  o f f e r e d  c o n s t r u c t i v e  
c r i t i c i s m  a b o u t  t h e  pe r fo rmance  and r e p o r t i n g  o f  t h i s  r e -  
s e a r c h .  I 
Though t h e  members o f  my d o c t o r a l  commit tee  c o n t ~ > i b u t e d  
much toward t h e  v i r t u e s  o f  t h i s  t h e s i s ,  t h e y  a r e  n o t  r e s p o n s -  
b i l e  f o r  i t s  obv ious  r e m a i n i n g  i n a d e q u a c i e s .  
D r .  Nelson  Y.-S. Kiang, who co r i su l t ed  on t h i s  r e s e a r c h  
o n l y  i n  i t s  i n i t i a l  p h a s e s ,  1.s a l s o  r e s p o n s i b ' l e  i n  many ways 
f o r  i t s  s u c c e s s f u l  c o m p l e t i o n .  I am e x t r e m e l y  g r a t e f u l  f o r  
t h e  many h o u r s  he s p e n t  t r y i n g  t o  t e a c h  me t h e  f u n d a m e n t a l s  
o f  s c i e n t i f i c  r e s e a r c h .  
Mr. Donald K .  Nor th  p r o v i d e d  u s e f u l  h e l p  d u r i n ~  t h e  con- 
s t r u c t i o n  o f  a p p a r a t u s  and  i n  t h e  e x p e r i m e n t a l  p h a s e s  o f  t h e  
r e s e a r c h .  !Is. Hedy Kodish d i d  a n  a d m i r a b l e  j o b  of t y p i n g  t h e  
m a n u s c r i p t  unde r  t r y i n g  c o n d i t i o n s .  The W c h n i c a l  I l l u s t r a -  
t i o n  s t a f f  o f  R.L.E. d:d an  e x c e l l e n t  j o b  on many of  t h e  
f i g u r e s .  I a l s o  wish  t o  t h a n k  S h i n j i  Vaeda and J a c q u e l i n e  
V a i s s i e r e  f o r  t h e i r  g e n e r o s i t y  d u r i n g  t h e  f i n a l  s t a g e s  o f  t h e  
o r d e a l .  
'I o f f e r  t h a n k s  t o  my w i f e ,  Mary Ann, f o r  e n c o u r a ~ i n g  me 
t o  b e g i n  t h i s  program and a l l o w i n g  me t o  f i n i s h  i t .  I a l s o  
a p o l o g i z e  t o  my w i f e  and c h i l d r e n ,  Y i c h a e l  and C h r i s t i n e ,  f o r  
t h e i r  l o s s  o f  my t i m e ,  s a l a r y ,  and good humor. 
Dur ing  t h e  c o u r s e  o f  t h i s  r e s e a r c h ,  I r e c e i v e d  s u p p o r t  
f rom a ITat iona l  I n s t i t u t e s  of  H e a l t h  t r a i n i n g  g r a n t .  
G e n e r a l  P l a n  o f  L a r y n g e a l  Anatomy; C a v i t y  o f  t h e  L a r y n x  1 6  
C a y t i l a p s  . . . . . . . . . . . . . . . . . . . . .  1 7 .  
. . L i g a m e n t s  and  Yenbranes  . . . . . . . . . .  2 2  
. . . . . . . . . . . . . . . . . . . . . . .  J o i n t s  2 5  
. . . . . . . . .  C o n t r o l l i n g  ? luscu la t ;u re  + 39 
. l r l t r i n s i c  : !usc les  . . . . . . . . . . . . . . . . .  30 
I l x t r i n s i c  r.lusclcs . . . . . . . . . . . . . . . . . .  35 
. . . . .  . . . . .  i Jerve  Supp ly  ancl S e n s o r y  Anatomy i 36 
. . a -  C r o s s  ~ e c t i o n  o f  t ? e  Voca l  !po'lcls 1 7  
Lower R e s p i r a t o r y  T r a c t  and  Voca l  T r a c t  . . .  40 
. . . . . . . . . . . . .  Anatomy o f  t h e  Can ine  Larynx  40 
. CHAPrfE3 3 PHYSIOLOGY OF TIIE LARYNX . . . . . . . . . .  ' 4 2  
. . . . . .  ?letho(Is f o r  S t u d y i n g  L a r y n g e a l  P h y s i o l o & y  42 
Laryngoscony  . . . . . . . . . . . . . . . . . . . .  112 
"3 G l o t t o g r a p h y  . . . . . . . . . . . . . . . . . . . .  43 
/ R a d i o c r a n h y  . . . . . . . . . . . . . . . . . . . .  411 
E l e c  t r o r n y o p r a ~ h ! ~  . . . . . . . . . . . . . . . . . . .  45 
I-Ieasurement o f  G l o t t a l  P . i r f l o w  and S u b g l o t t a l  P r e s s u r e  
E x p e r i n e n t s  w i t h  L x c i s e d  La rynxes  and  P.nimal 
P r e p a r a t i o n s ,  a n d  O b s e r v a t i o n s  of  IIumzn P a t h o l o g i e s  48 
Sonc A s p e c t s  o f  C a s i c  L a r y n g e a l  P h y s i o l o g y  . . . .  45, 
T J a l v u l a r  C l o s u r e  . . . . . . . . . . . . . . . . .  49 
E e f l e x  r.lechanisms . . . . . . . . . . . . . . . .  50 
Grolvrth P a t t e r n s  . . . . . . . . . . . . . . . .  51 
P h y s i o l o g y  o f  t h e  R e s ~ i r a t o r y  S y s t e n  . . . . . . . .  51 
E l a s t i c  P r o p e r t i e s  o f  t h e  Voca l  L igamen t s  . . . . .  53  
C o n t r a c t i o n  P r o p e r t i e s  o f  L a r y n g e a l  f l u s c l e s  . 55 
P h y s i o l o g y  a n d  P~lechanics  o f  Voice P r o d u c t i o n  . .  58 
C h e s t v o i c e  . . . . . . . . . . . . . . . . . . . .  5 9  
. F a l s e t t o  . . . . . . . . . . . . . . . . . . . .  6 3  
O t h e r  3 e g i s t e r s  . . . . . . . . . . . . . . .  63 
C h e s t  V o i c e  a n d  F a l s e t t o  i n  T4ore D e t a i l  . . .  66 
Laryngoscopy .  G l o t t o c r a p h y ,  a n d  Rad iog raphy  . 66 
Electromyo[:raphy . . . . . . . . . . . . . . . . . .  69  
A i r f l o v  and  P r e s s u r e  ?!easurements . . . .  7 1  
E x p e r i m e n t s  w i t h  E x c i s e d  L a r y n x e s  and  L i v e  Animals  . 74 
. . . . . . . . . . .  i>evelopment  of  t h e  One-?lass P.lodel 82 
. . . . . . . . . .  Development o f  t h e  Two.?, l a s s  Yodel 9 1  
. . . . . . . . . . . . . .  D i s c u s s i o n :  O t h e r  b b d e l s  9 8  
CIII\.PTEP, 5 . APPARATUS A I J 9  PROCEDURI3S . . . . . . . . . .  102  
Source  o f  Larynx . . . . . . . . . . . . . . . . . . . .  1 0 2  
. P r e p a r a t i o n  o f  Specimens . . . . . . . . . . . . . .  1 0 3  
. . .  Appara tus  f o r  P r o d u c i n g  and Obse rv ing  P h o n a t i o n  1 0 6  
S u b g l o t t a l  System . . . . . . . . . . . . . . . . .  1 0 5  
. . . . . . . . . .  C o n t r o l  o f  Larynxes  ' C o n f i g u r a t i o n  1 1 3  
0bserval ; i .on o f  F h o n a t ! . ~ ~ ?  . . . . . . . . . . . . .  1 1 1 1  
I4easurement o f  P a r t i c l e  T r a j e c t o r i e s  . . . . . . . .  1 1 5  
CIiAPT1;R 6 . RESULTS I :  GROSS PERFOR?IA."JCE- OF EXCISED 
LARYNXES . . . . . . . . . . . . . . . .  129 
R e g i s t e r s  . . . . . . . . . . . . . . . . . . . .  1 2 9  
S t a b i l i t y  . . . . . . . . . . . . . . . . . . . . .  1 3 2  
. . . . .  V a r i a b l e s  D e s c r i b i n g  ? t e a d y  S t a t e  P h o n a t i o n  133 
. . . . . . . . .  I n i t i a t i n g  and S u s t a i n i n g  P h o n a t i o n  138  
'Eiegulat ioa of P h o n a t i o n  . . . . . . . . . . . . . . . . .  1113 
CHAPTER 7  . RESULTS 11: DETAILED MEASUREPIENTS . . . . .  1118 
. . . . . .  1 A :  D a t a  from "!~orrnal" Phonatory  Larynxes  1119 
. . . .  Amnl i tudes  and  D i r e c t i o n s  o f  V i b r a t i o n  149  
p a r t i c l e  m r a j e c t o r i e s  . . . . . . . . . . . . .  1-55 
T r a j e c t o r i e s  o f  lJezrby P a r t i c l e s  . . . . . . .  166 
S u p r a g l o t t a l T J a v e s  . . . . . . . . . . . . . .  1 6 9  
G l o t t a l  C l o s u r e  . . . .  ' . . . . . . . . . .  16C) 
S u b g l o t t a l  P r e s s u r e  Kaveform . . . . .  170 
1 B :  A n a l y s i s  and Drt.scussion . . . . . . . . . . .  . 180  
G e n e r a l  I s s u e s  i n  t!le I n t e r o r e t a t i o n  o f  ~ e s u i t s  100  
I n t e r p r e t a t i o n  o f  V i b r a t i o n s  a s  S u r f a c e  l:!aves . 1311 
S k e t c h i n g  and A n a l y s i s  o f  T?ocal-Fold S i l h o u e t t e s  
i n  t h e  F r o n t a l  P l a n e  ' ' ' ' ' ' ' 1 53 '1 
. . . . . . . . . . . . . . . . . . .  C o n c l u s i o n  2111 
2 A :  T ~ l e a s u r e m ~ n t s  Dur ing  Changes i n  T i s s u e  P r o p e r t i e s  215 
. . . . . . . . . . . . . . . . . . .  2 3 :  D i s c u s s i o n  2211 
. 3 A :  Data  from Larynxes  w i t h  V o j a l i s  !4uscles E x c i s e d  . 226 
. . . . . . . . . . . . . . . . . . .  3B: Discussion 233 
4fl . : S t a t i c  Eesponse  t o  Vary ing  S u b g l o t t a l  P r e s s u r e  . 235 
. . . . . . . . . . . . . . . . . . .  4 B :  D i s c u s s i o n  241 
L o c a t i o n  o f  P J l o t t a l  Segments  i n  t h e  F r o n t a l  P l a n e  . 2/16 
. . . . . . . . .  . . . . . . . . .  V e r t i c a l ~ e v e l  : 246  
. . . . . . . . . . . . . . . .  F o r i z o n t a l  D i . s p l a c ~ ? m e n t  247  
. . . . . . . . . . . . . . .  I i e s u l t s  o f  C a l c u l a t i o n s  21!9 
Aerodynamic n h e o r y :  C a l c ~ l a t ~ o n  of  Average A i r f l o w  . . 254 
C a l c u l a t l . o n  o f  ~1 . , . . . . . . . . . . . . . .  2 6 1  
sarn?le C a l c u l a t  l o n s  o f  P\ lec!~anical  C o n s t a n t s  . f o r  t h e  
n 
. . . . . . . . . . . . . . . . . . .  ~ ~ . ~ o - T % . s s  '!ode1 267  
D e ~ * i v a t i o n  o f  E l a s t i c  C o n s t a n t s  . . . . . . . . . .  267 
F u r t h e r  A n a l y s i s  o f  Dynamic Results . . . . . . . . .  2 7 2  
. . . . . . . . . . . . . . . . .  I ; xpe r t r . en t a l  I. i n i t a t l o n s  275 
Supmarv o f R e s u l t s  . . . . . . . . . . . . . . . . . .  276 
. . . . . . . . . . .  ' S u c p e s t i o n s  f o r  F'urt!ler R e s e a r c h  2 8 9  
c h a p t e r  1 I n t r o d u c t i o n  
The mammalian l a r y n x  i s  t h e  o r g a n  o f  v o i c e .  Though n o t  
t h e  p r i m a r y  f u n c t i o n  o f  t h e  l a r y n x  f rom a b i o l o g i c a l  p o i n t  
o f  v i ew ,  v o i c e  p r o d u c t i o n  i s  a  t r e m e n d o u s l y  i m p o r t a n t  
f u n c t i o n  which c a n n o t  be  a d e q u a t e l y  pe r fo rmed  by o t h e r  
/ o r g a n s .  D u r i n g  p r o d u c t i o n  o f  v o i c e  and s p e e c h ,  t h e  human 
l a r y n x  p r o d u c e s  c o n t r o l l e d  g r a d a t i o n s  o f  f u n d a m e n t a l  f r e -  
quency ,  i n t e n s i t y ,  and  v o i c e  q u a l i t y ,  and i s  a l s o  r e s -  
p o n s i b l e  f o r  p r o d u c i n g  a c o u s t i c  c o n t r a s t s  i n  p h o n e t i c  s e g -  
men t s .  u n d e r s t a n d i n g  t h e  mechanisms by which  t h e s e  d i f f e r -  
e n t  s o u n d s  a r e  p roduced  and  r e p r e s e n t i n g  t h i s  u n d e r s t a n d i n g  
i n  t e r m s  o f  a  q u a n t i t a t i v e  m e c h a n i s t i c  model o f  t h e  l a r y n x  
would r e p r e s e n t  a s i g n i f i c a n t  advancement  i n  s e v e r a l  d i v e r s e  
0 
f i e l d s .  These  f i e l d s  i n c l u d e  e n g i n e e r i n g  a p p l i c a t i o n s  o f  
s p e e c h  s y n t h e s i s  and a n a l y s i s ,  l i n g u i s t i c  r e s e a r c h  i n t o  t h e  
n a t u r e  o f  s p e e c h  and  l ~ n g u a g e ,  and  c l i n i c a l  a p p l i c a t i o n s  
s u c h  a s  d e t e c t i o n ,  d i a g n o s i s ,  and t r e a t m e n t  o f  p a t h o l o g y  and  
t h e  deve lopment  o f  p r o s t h e s e s .  
The g e n e r a l  p r i n c i p l e  by which t h e  l a r y n x  p r o d u c e s  
v o i c e  . i s  w e l l  known. A n a t o m i c a l l y ,  t h e  l a r y n x  c o n t a i n s  
p a i r e d  v o c a l  f o l d s  and  a n  e x t e n s i v e  s e t  o f  machinery  f o r  
c o n t r o l l i n g  t h e i r  c o n f i g u r a t i o n .  The v o c a l  f o l d s  form a 
s l i t - l i k e  c o n s t r i c t i o n  c a l l e d  t h e  g l o t t i s  i n  t h e  v o c a l  t r a c t .  
F u n c t i o n a l l y ,  when t h e  v o c a l  f o l d s  a r e  p l a c e d  i n  a n  app ro -  
p r i a t e  c o n f i g u r a t i o n  and a i r  f rom t h e  l u n g s  i s  f o r c e d  
t h r o u g h  t h e  g l o t t i s ,  t h e  v o c a l  f o l d s  a r c  s e t  i n t o  v i b r a t i o n . .  
The r e s u l t i n g  modu la t ion  of t h e  a i r f l o w  p roduces  t h e  
a c o u s t i c  ene rgy  which i s  t h e  s o u r c e  f o r  v o i c e d  s o u n d s .  The 
s o - c a l l e d  "myoelas t ic -aerodynamic"  t h e o r y  ( e  . g .  van den  
Berg ,  1 . 9 5 8 ) ~  v ~ h i c h  s t a t e s  t h a t  t h e  mechan ica l  v i b r a t i o n s  a r e  
due t o  p a s s i v e  i n t e r a c t i o n  between aerodynamic f o r c e s  i n  t h e  
g l o t t i s  and mechan ica l  f o r c e s  i n  t h e  v o c a l  f o l d s ,  h a s  s u r -  
v i v e d  d e s p i t e  a t t e m p t s  t o  i n t r o d u c e  a n  a c t i v e  t h e o r y  of' 
p h o n a t i o n  (IIusson , 1 9 5 0 ) .  
Although t h i s  g e n e r a l  p r i n c i p l e  o f  t h e  phona to ry  me- 
chanism h a s  been  e s t a b l i s h e d ,  l i t t l e  i s  e c t u a l l y  known a b o u t  
t h e  d e t a i l s  o f  t h e  aerodynamic-mechanica l  i n t e r a c t i o n .  Due 
t o  t h e  i n a c c e s s i b l e  l o c a t i o n  of  t h e  l a r y n x  i n  t h e  t h r o a t ,  
p h y s i o l o g i c a l  t e c h n i q u e s  f o r  measu r ing  d e t a i l e d  c h a r a c t e r -  
i s t i c s  o f  i n d i v i d u a l  g l o t t a l  c y c l e s  a r e  l i m i t e d .  Most s i g -  
n i f i c a n t l y ,  t e c h n i q u e s  have n o t  been p e r f e c t e d  f o r  measu r ing  
t h e  m e c h a n i c a l  v i b r a t i o n s  i n  the f r o n t a l  p l a n e  ( o r  more 
g e n e r a l l y ,  i n  t h r e e  d i m e n s i o n s ) .  The e f f o r t s  t h a t  have been  
made u s i n g  s t r o b o s c o p i c  x-ray t e c h n i q u e s  ( H o l l i e n ,  et e., 
1968), h i g h  speed  c i n e r a d i o g r a p h y  (Sovak e t  a l . ,  1 3 7 1 ) ,  and 
-- 
u l t r a s o n i c  imag ing  ( M i n i f i e  e t  a l . ,  1 9 6 8 )  have had i n s u f -  
--
f i c i e n t  r e s o l u t i o n  t o  produce  u s e f u l  r e s u l t s  on t h e  normal  
l a r y n x .  O t h e r  methods f o r  m o n i t o r i n g  mechan ica l  a c t i v i t y  o f  
t h e  v o c a l  f o l d s ,  i n c l u d i n g  measurement from h i g h  s p e e d  f i l m s  
p. ( e . g .  F a r n s w o r t h ,  1340 ' ) ,  p h o t o e l e c t r i c  and e l e c t r i c  
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e l o t t o g r a m s  ( e . g .  Sones son ,  1960;  F a b r e ,  1 9 5 8 ) ,  and  wave- 
- forms  f rom e x t e r n a l l y  p l a c e d  a c c e l e r o m e t e r s  (Henke,  1 9 7 4 )  
a r e  o n l y  i n d i r e c t l y  r e l a t e d  t o  t h e  d e t a i l e d  v i b r a t i o n  
p a t t e r n s .  T h e r e  a r e  o n l y  p r e l i m i n a r y  ( and  c o n f l i c t i n g )  
' - 
d i r e c t  measurements  o f  t h e  d e t a i l e d  s u b g l o t t a l  p r e s s u r e  wave- 
fo rm (van  den  B e r g ,  1962 ;  I I i k i . e t  -- a l . ,  1 9 7 0 ) .  Even t h e  
a c o u s t i c  s o u r c e  waveform - g l o t t a l  volume v e l o c i t y  - h a s  
n e v e r  been  measured  d i r e c t l y . ,  E s t i m a t e s  o f  t h i s  waveform, 
u s i n g  s u c h  methods as c a l c u l a t i o n s  f rom a  s i m p l e  ae rodynamic  
model of t h e  g l o t t i s  ( F l a n a g a n ,  1 9 6 8 ) ,  i n v e r s e  f i l t e r i n g  
t e c h n i q u e s  (Plathews -- e t  a l . ,  1361 ;  Ro thenbe rg ,  1 3 7 3 ) ,  and  
p r e s s u r e  measurement  i n  a n  a n e c h o i c a l l y - t e r m i n a t e d  t u b e  
( S o n d h i ,  1 9 7 4 )  a r e  i n d i r e c t  and o f  l i m i t e d  a c c u r a c y .  
F l a thema t i ca l  m o d e l l i n g  i s  a n  i n d i r e ? ?  method f o r  s t u d y -  
i n g  t h e  p h o n a t o r y  mechanism. M o d e l l i n g  e f f o r t s  f rom t h o s e  
o f  Wegel ( 1 9 3 0 )  t o  s e v e r a l  o f  t h e  l a s t  decade  have  r e s u l t e d  
i n  t h e  deve lopment  o f  s o p h i s t i c a t e d  models  c a p a b l e  o f  s e l f -  
o s c i l l a t i o n .  Most r e c e n t l y ,  m o d e l l i n g  s t u d i e s  have  demon- 
s t r a t e d  t h e  v a l u e  o f  v e r t i c a l  p h a s e  d i f f e r e n c e s  i n  t h e  . 
m e c h a n i c a l  v i b r a t i o n  p a t t e r n s  f o r  c o u p l i n g  aerodynamic  
e n e r g y  t o  t h e  v i b r a t i o n s  ( I s h i z a k a  and  M a t s u d a i r a ,  1 9 6 8 ) .  
Computer s i m u l a t i o n  o f  p h o n a t i o n  u s i n g  t h e s e  models  ( e . g .  
I s h i z a k a  and  Ylanagan ,  1 9 7 2 )  h a s  p roduced  r e s u l t s  r o u g h l y  
c o n s i s t e n t  w i t h  a v a i l a b l e  p h y s i o l o g i c a l  d a t a .  However, 
t h e  adequacy  o f  t h e s e  models c a n n o t  be  e v a l u a t e d  i n  d e t a i l .  
There  i s  u n c e r t a i n t y  a b o u t  t h e  aerodynamic  r e l a t i o n s  f o r  a ; 
g l o t t i s  o f  a g i v e n  s h a p e ,  l i t t l e  i s  known a b o u t  t h e  mechani- 
c a l  p r o p e r t i e s  o f  t h e  v o c a l  f o l d s ,  and  - a s  a l r e a d y  p o i n t e d  
o u t  - t h e  a c t u a l  g l o t t a l .  s h a p e s  a r e  t h e m s e l v e s  n o t  known. 
Wi thout  s u c h  d a t a ,  i t  i s  n o t  p o s s i b l e  t o  r e a l i s t i c a l l y  de- 
t e r m i n e  model p a r a m e t e r s  and  e v a l u a t e  model pe r fo rmance .  
F a b r i c a t e d  mechan ica l  models  o f  t h e  l a r y n x  have  found  
l i m i t e d  use  i n  t h e  s t u d y  o f  p h o n a t i o n  ( e . ~ .  Smi th ,  1 9 6 2 ) ,  
b u t  e x c i s e d - l a r y n x  p r e p a r a t i o n s  have been  found  t o  be  ex-: 
t r e m e l y  u s e f u l p h y s i c a l  a n a l o g u e s  o f  t h e  normal  l a r y n x  ( e . g .  
van  den Berg  and Tan,  1953 ;  M a t s u s h i t a ,  1 3 6 9 ) .  Such p r e -  
p a r a t i o n s ,  mounted w i t h i n  a p p a r a t u s  t o  s u p p l y  a i r f l o w  and 
t o  c o n t r o l  t h e  a d j u s t m e n t s  n o r m a l l y  produced  by t h e  l a r y n g e a l  
CI 
m u s c l e s ,  a r e  c a p a b l e  o f  r e ~ r o d u c i n ~ , m u c h  o f t h e  g r o s s  b e -  
h a v i o r  o f  t h e  normal  1-arynx.  There  a r e  s e v e r a l  a d v a n t a g e s  
t o  s t u d y i n g  p h o n a t i o n  w i t h  t h e  e x c i s e d  l a r y n x .  The p repa -  
r a t i o n  i s  a c c e s s i b l e  f o r  o b s e r v a t i o n s  and measurements  t h a t  
are i m p o s s i b l e  w i t h  t h e  i n t a c t  l a r y n x .  The "musc les"  and 
" r e s p i r a t o r y  sou rce ' '  can  b e  m a i n t a i n e d  i n  s t e a d y  s t a t e  f o r  
e x t e n d e d  d u r a t i o n s  w h i l e  t h e  v i b r a t i o n s  a r e  s t u d i e d .  
V a r i o u s  p a r a m e t e r s  may be m a n i p u l a t e d  s y s t e m a t i c a l l y  and 
i n d e p e n d e n t l y .  The re  a r e ,  h o v e v e r ,  a l s o  l i m i t a t i o n s  t o  t h e  
use  o f  e x c i s e d  l a r y n x e s .  The d e a t h  o f  t h e  t i s s u e s  no d o u b t  
changes  t h e i r  m e c h a n i c a l  p r o p e r t i e s  somewhat. Yore s i g n i -  
f i c a n t l y ,  a c t i v i t y  o f  t h e  v o c a l i s  musc l e ,  which forms p a r t  
o f  t h e  body o f  t h e  v o c a l  f o l d s  and  which i s  a c t i v e  d u r i n g  
s p e e c h ,  c a n n o t  b e  a d e q u a t e l y  s i m u l a t e d .  I J e v e r t h e l e s s ,  u s e f u l  
r e s u l t s  have  been  o b t a i n e d  f rom e x p e r i m e n t s  wj.th e x c i s e d  
l a r y n x e s ,  i n c l u d i n g  t h e  o r i g i n a l  o b s e r v a t i o n s  o f  t h e  n a t u r e  
'* 
of p h o n a t i o n  ( F e r r e i n ,  1 7 4 1 ) .  
T h i s  t h e s i s  r e p r e s e n t s  a  l o g i c a l  e x t e n s i o n  o f  p r e v i o u s  
e x c i s e d - l a r y n x  s t u d i e s .  P r e v i o u s  s t u d i e s  i n v o l v e d  q u a l i t a -  
t i v e  o b s e r v a t i o n  o f  t h e  d e t a l l e d  v i b r a t i o n  p a t t e r n s  and  
q u a n t i t a t i v e  measurement o f  v a r i a b l e s  n o t  d i r e c t l y  a s s o c i a t e d  
w i t h  t h e  d e t a i l s  o f  i n d i v i d u a l  g l o t t a l  c y c l e s .  As ide  f rom 
e x t e n d i n g  t h e s e  r e s u l t s ,  t h e  p r e s e n t  s t u d y  i n v o l v e s  q u a n t i -  
t a t i v e  measurement  o f  t h e  d e t a i l e d  m e c h a n i c a l  v i b r a t i o n  
p a t t e r n s  u s i n g  o p t i c a l  methods .  Appa ra tu s  was c o n s t r u c t e d  
w i t h  which  v i b r a t i n g  e x c i s e d  l a r y n x e s  coS?Ld b e  o b s e r v e d  b o t h  
f rom t h e  cus tomary  s u p e r i o r  a s j e c t  and  a l s o  f rom t h e  i n f e r i o r  
a s p e c t .  The a p p a r a t u s  i n c l u d e d  i n s t r u m e n t a t i o n  f o r  measur-  
i n g  t h e  l o c a t i o n  o f  any o b s e r v a b l e  l andmark  i n  t h e  f r o n t s 1  
p l a n e .  S m a l l  p a r t i c l e s  were  a t t a c h e d  t o  t h e  v o c a l  f o l d s  t o  
s e r v e  a s  l andmarks  and  t h e  v i b r a t i n g  l a r y n x e s  were i l l u m i n a t -  
ed w i t h  synch ronous  s t r o b o s c o p i c  l i g h t  a t  a d j u s t a b l e  p h a s e  
i n  t h e '  g l o t t a l  c y c l e .  The p a r t i c l e s  were  u s e f u l  f o r  q u a l i -  
t a t i v e l y  o b s e r v i n g  t h e  v i b r a t i o n  p a t t e r n s  as w e l l  as s e r v i n g  
a s  r e f e r e n c e  p o i n t s  f o r  measurements .  Measurements were  
made o f  t h e  t r a j e c t o r i e s  o f  t h e s e  p a r t i c l e s  i n  t h e  f r o n t a l  
p l a n e .  By t r a c k i n g  s e v e r a l  p a r t i c l e s  " s i m u l t a n e o u s l y " ,  i t  
was p o s s i b l e  t o  e s t i m a t e  t h e  de t a i1e .d  s h a p e  o f  one  v o c a l  f o l d  
t h e  f r o n t a l  p l a n e  t h r o u g h o u t  g l o t t a l  c y c l e .  O t h e r  
measurements  were made when t h e  v o c a l  f o l d s  were s t a t i o n a r y .  
The i m p l i c a t i o n s  o f  t h e  d a t a  c o l l e c t e d  i n  t h e  p r e s e n t  
'. 
s t u d y  a r e  examined i n  t h i s  r e p o r t ,  b o t h  from t h e  p o i n t  o f  
view o f  c h a r a c t e r i z i n g  t h e  n a t u r e  o f  t h e  v i b r a t i o n s  i n  gene-  
r a l  and  from t h e  p o i n t  of  view o f  examin ing  i n  d e t a i l  t h e  
. . 
adequacy  o f  an  ex i s t3 .ng  l a r y n g e a l  model .  The u l t i m a t e  g o a l  
o f  t h i s  r e s e a r c h  i s  f u l l  u n d e r s t a n d i n g  o f  t h e  mechanisms o f  
p h o n a t i o n  and  t h e  development  o f  a l a r y n g e a l  model f o r  
p h o n a t i o n  t h a t  i s  b o t h  m e c h a n i s t . i c a l l y  c o r r e c t  and d e s c r i p t -  
i v e  o f  t h e  o u t p u t .  
La rynxes  e x c i s e d  from dogs were used  f o r  t h e s e  e x p e r i -  
men t s .  Because t h e  l a r y n x e s  were c a n i n e a a n d  b e c a u s e  o f  t h e  
l i m i t a t i o n s  o f  t h e  e x c i s e d  l a r y n x  p r e p a r a t i o n  i n  g e n e r a l ,  
c a r e  must be t a k e n  i n  a p p l y i n g  t h e  r e s u l t s  o f  t h e s e  e x p e r i -  
ments  t o  normal  human p h o n a t i o n .  N e v e r t h e l e s s ,  t h e  e x c i s e d  
c a n i n e  l a r y n x  i s  a  u s e f u l  s i n p l i f i e d  model o f  t h e  i n t a c t  
human l a r y n x ,  and u n d e r s t a n d i n g  t h e  phona to ry  mechanism o f  
t h i s  p r e p a r a t i o n  i s  a r e a s o n a b l e  f i r s t  s t e p  toward  under -  
s t a n d i n g  t h a t  o f  i t s  i n t a c t  human a n a l o g u e .  
T h i s  r e p o r t  i s  o r g a n i z e d  i n t o  n i n e  c h a p t e r s .  F o l l o w i n g  
t h i s  i n t r o d u c t o r y  c h a p t e r ,  t h e  n e x t  t h r e e  p r o v i d e  t h e  
n e c e s s a r y  background f o r  t h e  problem u n d e r  s t u d y .  C h a p t e r  2 
c o v e r s  l a r y n g e a l  anatomy,  and C h a p t e r  3 c o v e r s  p h o n a t o r y  
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p h y s i o l o g y ,  d e s c r i b i n g  what i s  known a b o u t  p h o n a t i o n  and  
showing how t h e  l i m i t a t i o n s  o f  t h i s  knowledge j u s t i f y  t h e  
p r e s e n t  r e s e a r c h .  C h a p t e r  4 d i s c u s s e s  l a r y n g e a l  m o d e l l i n g ,  
which on one hand p r o v i d e s  a  framework f o r  a n a l y z i n g  t h e  
r e s u l t s  and on  t h e  o t h e r  hand d e m o n s t r a t e s  t h e  need  f o r  
more r e s u l t s .  F o l l o w i n g  t h e s e  i n t r o d u c t o r y  c h a p t e r s ,  
C h a p t e r  5 d e s c r i b e s  t h e  e x p e r i m e n t a l  a 7 p a r a t u s  and  p r o c e d u r e s ,  
and C h a p t e r  6 d e s c r i b e s  t h e  pe r fo rmance  c h a r a c t e r i s t i c s  o f  
e x c i s e d  l a r y n x e s ,  c o n s i d e r i n g  some o f  t h e  a s p e c t s  which have 
been  measured d u r i n g  n o r n a l  p h o n a t i o n .  C h a p t e r  7 c o n t a i n s  
t h e  ma jo r  e x p e r i m e n t a l  r e s u l t s  and a l s o  i n c l u d e s  d i s c u s s i o n  
a b o u t  t h e i r  i m p l i c a t i o n s .  Chap te r  8 d e s c r i b e s  a n  a t t e n p t  
t o  f i t  a  l a r y n g e a l  model o f  t h e  r e s u l t s  o f  C h a p t e r  
F i n a l l y ,  C h a p t e r  9 c o n t a i n s  a summary o f e e s u l t s  and  t h e i r  
i m p l i c a t i o n s ,  and  i n c l u d e s  s u g g e s t i o n s  f o r  f u r t h e r  r e s e a r c h .  
' Chaptern 2 P.nnto~nv -- o f  t h e  I.,nyrnx 
The anatomy o f  t h e  l a r y n x  and s u r r o u n d i n g  s t r u c t u r e s  i s  1 
1 
l a r g e l y  known and . i s  d e s c r i b e d  i n  numerous t e x t s  (e . f ; .  Gray ,  
1 9 5 9 ;  Gran t  1 9 6 2 ;  Pernknopf ,  l a 5 2 ;  i J e ~ u s ,  ~ P ' I ? ;  Sonesson ,  
,1968) .  It 'will be  b r i e f l y  rev iewed h e r e .  Some u n c e r t a i n t i e s  
a b o u t  l a r y n g e a l  anatomy (an,d p h y s i o l o g y )  s t i l l  r e m a i n ,  and 
t h e s e  c o u l d  a f f e c t  o u r  u n d e r s t a n d i n g  o f  v o c ~ l  mechanisms. 
They w i l l  be ment ioned  i n  t h e  c o u r s e  o f  t h i s  c h a p t e r  ( and  i n  
t h e  n e x t ) .  F i n a l l y ,  a l t h o u g h  c a n i n e  l a r y n x e s  have  o f t e n  been  
u s e d  a s  a n a l o g s  o f  t h e  human l a r y n x  - ( e . g .  IJeda e t  a l . ,  1371 ;  
Koyama -- e t  a l . ,  1952 ,  1 9 7 1 ;  Rubin ,  1 9 6 3 ;  Plat su -  
s h i t a ,  1969) - t h e r e  a r e  some a n a t o m i c a l  d i f f e r e n c e s  which 
~ 1 2 1 1  b e  p o i n t e d  o u t .  
I n  t h e  d i s c u s s i o n  of  l a r y n g e a l  anatomy and ? h y s i o l o g y ,  
a n  overvielv  s h o u l d  be  maintained. A s  ~ e d i s  (1949)  p o i n t e d  
o u t ,  t h e  most i m p o r t a n t  f u n c t i o n  o f  t h e  l a r y n x  from an  
e v o l u t i o n a r y  p o i n t  o f  view i s  t h a t  o f  p r o t e c t i v e  r e s p i r a -  
t o r y  c l o s u r e .  Many o t h e r  r e q u i r e m e n t s  - s u c h  a s  t h o s e  o f  
d e g l u t i t i o n ,  o l f a c t i o n ,  r e s n i r a t o r y  c a p a c i t y ,  and r e g u l a t i o n  
o f  t h o r a c i c  p r e s s u r e  - have a f f e c t e d  t h e  development  o f  t h e  
l a r y n x  t o  a g r e a t e r  e x t e n t  t h a n  h a s  t h e  r e q u i r e m e n t  o f  v o i c e  
p r o d u c t i o n .  The l a r y n x  s h o u l d  t h u s  n o t  be t h o u g h t  o f  a s  
s o l e l y  " t h e  o r g a n  o f  v o i c e " .  A l s o ,  lJegusl  (1940)  s t u d y  o f  
l a r y n g e z l  evolution and t h e  v o i c e  p r o d u c t i o n  c h a r a c t e r i s -  
t i c s  o f  v a r i o u s  s p e c i e s  l e d  him t o  c o n c l u d e  t h a t  F a n ' s  
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u n i q u e  v o c a l  a b i . l L t i e s  depend n o t  on  any u n i q u e n e s s  i n  t h e  
s t r u c t u r e  o f  t h e  o r g a n  i t s e l f  b u t  on  h i s  u n i q u e  w i l l  a n d  
a b i l i t y  t o  c o n t r o l  i t .  T h e r e  i s  no r e a s o n  t o  b e l i e v e  t h a t  
t h e  mechanisms of  p h o n a t i o n  i n  dogs  o r  o t h e r  a n i m a l s  are  
e s s e n t i a l l y  d i f f e r e n t  f rom t h o s e  i n  humans. 
G e n e r a l  -- P l a n  o f  Laryn ,yea l  Anatomy; C a v i t y  o f  t h e  Larynx  
--
The l a r y n x  i s  l o c a t e d  i n  t h e  t h r o a t ,  where  i t  c o n t r o l s  
t h e  o p e n i n g  be tween  t h e  t r a c h e a  and  t h e  p h a r y n x ,  and  h e l p s  
ti s e p a r a t e  t h e  r e s p i r a t o r y  t r a c t  f rom t h e  a l i m e n t a r y  t r a c t .  
I t s  s u p p o r t  comes f rom c o n n e c t i o n s  t o  t h e  " f l o a t i n g "  h y o i d  
bone a b o v e ,  t h e  t r a c h e a  and  s t e r n u m  be low,  and  t h e  l o w e r  
p h a r y n g e a l  n a l l  a n d  e sophagus  p o s t e r i o r l y .  
The l a r y n x  c o n s i s t s  o f  a c a r t i l a g i n o u s  s k e l e t o n ,  con- 
n e c t e d  by s e v e r a l  l i g a m e n t s  and con troll^ by  a n  e x t e n s i v e  
m u s c u l a t u r e .  The membranes l i n i n g  t h e  i n t e r n a l  c a v i t y  a r e  
g a t h e r e d  i n t o  tvro  airs o f  b i l a t e r a l  f o l d s  - t h e  v o c a l  
f o l d s  a n d  t h e  v e n t r i c u l a r  f o l d s  - which  e x t e n d  i n t o  and con- 
s t r i c t  t h e  a i r w a y .  The f o l d s  a r e  s u p p o r t e d  by two p a i r s  o f  
b i l a t e r a l  l i g a m e n t s ,  s h a r i n g  a  common a n t e r i o r  o r i g i n  b u t  
a t t a c h i n g  t o  s e p a r a t e ,  mob i l e  c a r t i l a g e s  p o s t e r i o r l y .  The 
l i g a m e n t s  c a n  t h u s b e  app rox ima ted  and  t e n s e d  i n  o r d e r  t o  
p e r f o r m  t h e  v a l v u l a r  f u n c t i o n  o f  t h e  l a r y n x .  I n  t h e  v e r -  
t i c a l  d i r e c t i o n ,  e a c h  f o l d  i s  shaped  t o  form a g r a d u a l  con- 
s t r i c t i o n  on  o n e  s i d e  and' a  sudden  c o n s t r i c t i o n  on  t h e  o t h e r .  
The v e n t r i c u l a r - f o l d s  form a sudden  c o n s t r i c t i o n  i n f e r i o r l y ,  
t h u s  f o r m i n g  a n  e f f i c i e n t  o u t l e t  v a l v e ,  w h i l e  t h e  t r u e  v o c a l  
f o l d s  have  t h e  o p p o s i t e  o r i e n t a t i o n  and  form a more e f f i -  
c i e n t  i n l e t  v a l v e .  
F i g .  2-1 sho7ds s c h e m a t i c a l l y  a c o r o n a l  s e c t i o n  t h r o u g h  
t h e  l a r y n x  a t  t h e  l e v e l  of t h e  v o c a l  f o l d s .  " A s  i n d i c a t e d ,  
t h e  s p a c e  be tween  t h e  v o c a l  f o l d s  i s  known as  t h e  g l o t t i s .  
(The g l o t t i s  c o n s i s t s  o f  two p a r t s  - a n  a n t e r i o r  intermem- 
b r a n o u s  p a r t  be tween  t h e  v o c a l  f o l d s  and a p o s t e r i o r  i n t e r -  
c a r t i l a g i n o u s  p a r t  between t h e  c a r t i l a g e s  s u p p o r t i n g  t h e n . )  
The c a v i t y  be tween  t h e  u p t u r n e d  edges  o f  t h e  v o c a l  f o l d s  
and t h e  d o v n t u r n e d  e d g e s  o f  t h e  v e n t r i c u l a r  f o l d s  i s  t h e  
v e n t r i c l e  ( s i n u s  o f  I l o r g a g n i ) .  It i s  e x t e n d e d ,  at. some 
l e v e l s ,  I n t o  a s a c c u l e .  Above t h e  l e v e l  o f  t h e  v e n t r i c u l a r  
f o l d s  i s  t h e  l a r y n g e a l  v e s t i b u l e ,  o r  o p e n i n g  o f  t h e  l a r y n x .  
C;r 
L a t e r a l  t o  t h e  membranes s u r r o u n d i n g  t h e  v e s t i b u l e  b u t  
m e d i a l  t o  t h e  o u t e r  c a r t i l a g i n o u s  s k e l e t o n  i s  t h e  p i r i f o r m  
r e c e s s ,  which s e r v e s  as a food  c h a n n e l  a r o u n d  t h e  o p e n i n g  o f  
t h e  lovier  airv:ay and i n t o  t h e  e sophagus .  
C a r t i l a c e s  
The re  a r e  t h r e e  u n p a i r e d  c a r t i l a g e s  ( c r i c o i d ,  t h y r o i d ,  
and  e p i g l o t t i s )  o f  t h e  human l a r y n x  and  t h r e e  s e t s  o f  p ' a i r ed  
c a r t i l a g e s  ( a r y t e n o i d ,  c o r n i c u l a t e ,  and  c u n e i f o r m ) .  They 
are i l l u s t r a t e d  i n  F i g .  2-2. 
The c r i c o i d  c a r t i l a g e  forms t h e  b a s e . o f  t h e  l a r y n g e a l  
s k e l e t o n  and much o f  i t s  back c o v e r .  It i s  shaped  l i k e  a 
s i g n e t  r i n g  w i t h  t h e  a r c h  e x t e n d i n g  a n t e r i o r l y  and t h e  broad  
FIGURE 2-1 
Schematic frontal section of the larynx.(from Broad, 






i l r l i c l ~ l a r  fucct j o r  
FIGURE 2-2 
The cartilages of t h e  larynx. (from Gray, 1959). 
f a c e ,  o r  l a m i n a ,  f a c i n g  p o s t e r i o r l y .  The t h y r o i d  c a r t i l a g e ,  
which i s  t h e  l a r g e s t  l a r y n g e a l  c a r t i l a g e ,  t h e  f r o n t  
and s i d e  c o v e r .  I t s  two wings  ( a l a e ,  o r  l a m i n a e )  a r e  j o i n e d  
a n t e r i o r l y  a t  t h e  m i d l i n e ,  m e e t i n g  a t  a n  a n g l e  o f  r o u g h l y  
g o 0  i n  a d u l t  m a l e s ,  120' i n  a d u l t  f e m a l e s ,  and  a l m o s t  
smoo th ly  i n  c h i l d r e n .  Among i t s  p rominen t  a n a t o m i c a l  f e a -  
t u r e s  a r e  t h e  l a r y n g e a l  p rominence  (Adam's a p p l e )  a n t e r i o r l y  
and  t h e  s u p e r i o r ' a n d  i n f e r i o r  c o r n u  p o s t e r i o r l y .  The 
s u p e r i o r  c o r n u  r i s e s .  toward t h e  hyo id  bone'  ( t o  which i t  i s  
a t t a c h e d  by a l i g a m e n t o u s  b a n d )  and t h e  i n f e r i o r  c o r n u  a r -  
t i c u l a t e  w i t h  t h e  l a t e r a l  a s p e c t  o f  t h e  c r i c o i d  c a r t i l a g e .  
The e p i g l o t t i s ,  r i s i n g  upward and back  from t h e  s u p e r i o r  
p a r t  o f  t h e  t h y r o i d  a n g l e ,  fo rms  t h e  a n t e r i o r  wa l l  o f  t h e  
v e s t i b u l e .  I t s  p r imary  f u n c t i o n  i s  t o  Q f l e c t  food  a round  
t h e  e n t r a n c e  o f  t h e  l a r y n x  i n t o  t h e  p i r i f o r m  r e c e s s .  
The p a i r e d  a r y t e n o i d  c a r t i l a g e s  from t h e  mob i l e  pos-  
t e r i o r  s u p p o r t  f o r  t h e  l a r y n g e a l  f o l d s .  They a r e  u s u a l l y  
d e s c r i b e d  as  small t r u n c a t e d  pyramids  whose t h r e e  f a c e s  
p o i n t  m e d i a l l y ,  p o s t e r i o r l y ,  and a n t e r o l a t e r a l l y .  The s u r -  
f a c e  o f  t h e  b a s e  a r t i c u l a t e s  w i t h  t h e  c r i c o i d  c a r t i l a g e ,  
a s  w i l l  b e  d e s c r i b e d  l a t e r .  The re  a r e  two p r o j e c t i o n s  from 
t h e  b a s e .  .The v o c a l  p r o c e s s  p r o j e c t s  f o r w a r d ,  g i v i n g  r i s e  
t o  t h e  v o c a l  l i g a m e n t ,  w h i l e  t h e  muscu la r  p r o c e s s  p r o j e c t s  
l a t e r a l l y ,  s e r v i n g  as  t h e  a t t a c h m e n t  f o r  s e v e r a l  l a r y n g e a l  
m u s c l e s .  
The c o r n i c u l a t e  and c u n e i f o r m  c a r t i l a g e s  l i e  s u p e r i o r  
t o  t h e  a r y t e n o i d  c a r t i l a g e .  The c o r n i c u l a t e  ( c a r t i l a g e  o f  
S a n t o r i n i )  i s  c o n t i n u o u s  w i t h  t h e  a r y t e n o i d ,  f o r m i n g  i t s  
a p e x .  The cune i fo rm ( c a r t i l a c e  o f  l ! r i sbe rg )  l i e s  a n t e r i o r  
t o  t h e  c o r n i c u l a t e ,  imbedded i n  and p r o v i d i n g  s u p p o r t  f o r  
t h e  membranous f o l d s  between t h e  a r y t e n o i d  c a r t i l a g e  and  t h e  
e p i g l o t t i s .  Both t h e  c u n e i f o r m  and  c o r n i c u l a t e  c a r t i l a g e s  
a r e  c o n s i d e r e d  v e s t i g i a l  i n  man, and t h e  c u n e i f o r m  i s  some- 
t i m e s  e n t i r e l y  l a c k i n g .  
L igaments  and Wembranes 
The l o c a t i o n s  o f  most o f  t h e  l a r y n g e a l  l i g a m e n t s  a r e  
i n d i c a t e d  i n  F i g .  2--3. They p e r f o r m  a c o n n e c t i v e  f u n c t i o n ,  
c o n n e c t i n g  t h e  l a r y n x  t o  t h e  h y o i d  bone ,  s u p p o r t i n g  t h e  
l a r y n g e a l  j o i n t s ,  and l i m i t i n g  movements a b o u t  t h e s e  j o i n t s .  
CI 
The most  i m p o r t a n t  l a r y n g e a l  l i g a m e n t s  a r e ,  o f  c o u r s e ,  t h e  
v o c a l  and v e n t r i c u l a r - l i g a m e n t s .  The f u n c t i o n  o f  many o f '  
t h e  o t h e r  l i g a m e n t s  (and  m u s c l e s )  a r e  c o n s i d e r e d  i n  t e r m s  o f  
t h e i r  e f f e c t s  upon t h e s e  two. A t y p i c a l  l e n g t h  f o r  t h e  
v o c a l  l i g a m e n t  i n  a d u l t  ma le s  i s  a b o u t  1 . 4  cm. Dimensions 
w i l l  b e  d i s c u s s e d  i n  more d e t a i l  l a t e r .  
The membranes l i n i n g  t h e  a i r t r a y .  c o n s i s t  o f  a n  e l a s t i c  
I n n e r  l i n i n g  and a  mucous membrane a t  t h e  s u r f a c e .  The 
e l a s t i c  l a y e r  l i n e s  a l m o s t  t h e  e n t i r e  l a r y n g e a l  c a v i t y ,  w i t h  
t h e  e x c e p t i o n  o f  t h e  v e n t r i c u l a r  w a l l s .  I t  i s  t h u s  s e p a -  
r a t e d  i n t o  a  s u p e r i o r  p a r t  ( t h e  q u a d r a n g u l a r  membrane) and 
FIGUFIE 2-3  
Ligaments o f  the larynx. (from Sonesson, 1368). 
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a n  i n f e r i o r  p a r t  ( t h e  t r i a n g u l a r  membrane). T h e * q u a d r a n g u l a r  
membrane l i n e s  t h e  v e n t r i c u l a r  f o l d s  and p a s s e s  up t o  t h e  
e p i g l o t t i s ,  forminy: t h e  a r y e p i g l o t t i c  f o l d s ,  which s e p a r a t e  
t h e  v e s t i b u l e  f rom t h e  p i r i g o r m  r e c e s s .  The t r i a n g u l a r  
membrane l i n e s  t h e  f l o o r  o f  t h e  v e n t r i c l e  a n d  i s  c o n t i n u o u s  
w i t h  t h e  v o c a l  l i g a m e n t .  It p a s s e s  downward f rom t h e  l . i g a -  
ment and  a r y t e n o i d  c a r t i l a g e  t o  a t t a c h  t o  t h e  l o w e r  c i r cum-  
f e r e n c e  o f  t h e  c r i c o i d  c a r t i l a g e ,  t h u s  f o r m i n g  a c o n i c a l  
s u - r f a c e  c a l l e d  t h e  conus e l a s t i c u s .  
The mucous membrane l i n e s  t h e  e n t i r e  l a r y n g e a l  c a v i t y  
and  i s  c o n t i n u o u s  w i t h  t h e  m u c o u s . l i n i n g s  o f  t h e  a i r w a y  b o t h  
above  and below.  I t  i s  p a r t i c u l a r l y  r i c h l y  s u p p l i e d  w i t h  
mucous g l a n d s  a t  t h e  l e v e l  o f  t h e  v e n t r i c l e .  A t  a r e a s  sub-  
j e c t  t o  f r e q u e n t  wear  ( t h e  l e v e l  o f  t h e  G o t t i s  and  v e n t r i -  
c u l a r  f o l d s  and  p a r t s  o f  t h e  a r y e p i g l o t t i c  f o l d s )  i t  con- 
s i s t s  o f  t o u g h e r  t i s s u e  n o t  c o n t a i n i n g  mucous g l a n d s .  It i s  
l o o s e l y  c o n n e c t e d  t o  t h e  submucous t i s s u e  e x c e p t  a t  t h e s e  
l o c a t i o n s  o f  f r e q u e n t  wear ,  where i t  i s  c l o s e l y  c o n n e c t e d .  
J o i n t s  
T h e r e  a r e  two p a i r e d  ' j o i n t s  of t h e  l a r y n x :  t h e  c r i c o -  
t h y r o i d  and  t h e  c r i c o a r y t e n o i d .  
The  c r i c o t h y r o i d  j o i n t  p r o v i d e s  a n  a r t i c u l a t i o n  be tween  
t h e  l a t e r a l  s u r f a c e s  o f  t h e  c r i c o i d  c a r t i l a g e  and t h e  i n -  
f e r i o r  c o r n u  o f  t h e  t h y r o i d  c a r t i l a g e ,  as  shown i n  F i g .  2-4. 
A s  t h e  f i g u r e  shows,  movement a b o u t  t h i s  p a i r  o f  j o i n t s  i s  
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i s  g e n e r a l l y  r o t a t i o n a l  a b o u t  an  a x i s  p a s s i n g  t h r o u g h  t h e  
two j o i n t s .  Because t h e  j o i n t  i s  below t h e  l e v e l  o f  t h e  
v o c a l  f o l d s ,  t h e  f o l d s  a r e  s t r e t c h e d  ( t e n s e d )  o r  s h o r t e n e d  
( l a x e t l )  when t h e  a n t e r i o r  p a r t s  o f  t h e  c a r t i l a g e  are  r o t a t e d  
toward  o r  away from e a c h  o t h e r ,  r e s p e c t i v e l y .  
The c r i c o a r y t e n o i d  j o i n t  i s  a n  a r t i c u l a t i o n  between t h e  
b a s e s  o f  each  a r y t e n o i d  c a r t i l a g e  and t h e  p o s t e r o l a t e r a l  
. . p a r t s  o f  t h e  c r i c o i d  c a r t i l a g e ' s  s u p e r i o r  r i d g e .  I t s  
. f u n c t i o n  i s  t o  r e g u l a t e  t h e  s i z e  and  s h a p e  o f  t h e  g l o t t a l  
o p e n i n g .  The manner i n  which i t  d o e s  s o  i s  somevhat d i f f i -  
c u l t  t o  v i s u a l i z e  and hence  h a s  o f t e n  b e e n  m i s u n d e r s t o o d .  
The a r t i c u l a t i n g  s u r f a c e s  o f  t h e  c r i c o a r y t e n o i d  j o i n t  
c o n s i s t  o f  a convex c y l i n d r i c a l  s u r f a c e  on t h e  r i d g e  o f  t h e  
c r i c o i d  c a r t i l a g e  matched by a s i m i l a r  cmvex s u r f a c e  on 
t h e  r i d g e  o f  t h e  c r i c o i d  c a r t i l a g e  matched by a s i m i l a r  con- 
vex  s u r f a c e  on t h e  b a s e  o f  t h e  a r y t e n o i d  c a r t i l a g e ,  a s  
shown i n  F i g .  2-5 (which i s  a pho tog raph  o f  a d i s s e c t e d  j o i n t  
f rom a d o g ' s  l a r y n x ) .  T h i s  a r r angemen t  a l l o w s  f o r  r o t a t i o n  
o f  t h e  a r y t e n o i d  c a r t i l a g e  a b o u t  t h e  c y l i n d e r  a x i s .  The 
c r i c o i d  s u r f a c e  i s  somewhat l o n g e r  t h a n  t h a t  o f  t h e  a r y -  
t e n o i d ,  s o  a l i m i t e d  amount ( r o u g h l y  2 rrn.) o f  g l i d i n g  a l o n g  
t h e  a x i s  i s  a l l o w e d .  
  he o r i e n t a t i o n  o f  t h e  c y l i n d r i c a l  
a x i s  i s  from p o s t e r o m e d i o s u p e r i o r  t o  a n t e r o l a t e r o i n f e r i o r ,  
as i n d i c a t e d  i n  F i g .  2-6. 
When t h e  a r y t e n o i d s  a r e  r o t a t e d  m e d i a l l y  from t h e  
concave facet on base 
of arytenoid cartilage 
convex f a c2 t  on 
cricoid cartilage 
Fig. 2-5 
Pho-tograph of dissected cricoarytenoid joint. 
FIGURE 2-6  
Function of the cricoarytenoid joint. (from Sonesson, 
1968). 
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b r e a t h i n g  p o s i t i o n ,  t h e  v o c a l  p r o c e s s e s  move m e d i a l l y  and  
c a n  be  made t o  a p p r o x i m a t e  ( a d d u c t i n g  t h e '  v o c a l  f o l d s ) .  
Because  of t h e  c y l i n d e r  a x i s  o r i e n t a t i o n ,  however ,  t h e y  
s i m u l t a n e o u s l y  move a n t e r i o r l y  ( s h o r t e n i n g  t h e  f o l d s )  and  
i n f e r i o r l y .  The  i n t e r c a r t i l a g i n o u s  and in t e rmembranous  
g l o t t i s  may be e i t h e r  b o t h  open  o r  b o t h  c l o s e d  simultaneous- 
l y .  I n  a d d i t i o n ,  ~ i t h  t h e  a r y t e n o i d  c a r t i l a g e s  p u l l e d  back  
a l o n g  t h e  a x i s ,  i t  i s  p o s s i b l e  t o  a p p r o x i m a t e  t h e  c a r t i -  
l a g e s  w i t h o u t  c l o s i n g  t h e  membranous g l o t t i s .  S i m i l a r l y ,  
v i t h  t h e  a r y t e n o i d s  p u l l e d  f o r w a r d ,  t h e  v o c a l  p r o c e s s e s  
may b e  a p p r o x i m a t e d  w h i l e  t h e  i n t e r c a r t i l a g i n o u s  g l o t t i s  
i s  s t i l l  open .  
An e x t e n s i v e  m u s c u l a t u r e  i s  prov ideA f o r  m a n i p u l a t i n g  
t h e  i n t e r n a l  c o n f i e u r a t i o n  o f  t h e  l a r y n x  and f o r  moving 
t h e  l a r y n x  a s  a  whole .  T h e . m u s c l e s  a r e  d i v i d e d  i n t o  two 
g r o u p s :  t h e  i n t r i n s i c  m u s c l e s ,  which a r e  a s s o c i a t e d  o n l y  
w i t h  t h e  l a r y n x  i t s e l f ,  and t h e  e x t r i n s i c  m u s c l e s ,  which 
a r e  a l s o  a s s o c i a t e d  w i t h  o t h e r  s t r u c t u r e s .  The i n t r i n s i c  
m u s c l e s  a r e  o f t e n  f u r t h e r  d i v i d e d  i n t o  f u n c t i o n a l  g r o u p s ,  
d e p e n d i n g  on t h e  e f f e c t s  o f  t h e i r  c o n t r a c t i o n s  on t h e  
s v o c a l  f o l d s .  
I n t r l n s l c  r l u s c l e s  
A 1 1  t h e  i m p o r t a n t  i n t r i n s i c  m u s c l e s  e x c e p t  one  ( t h e  
t r a n s v e r s e  a r y t e n o i d )  a r e  p a i r e d .  Mith  t h e  e x c e p t i o n  o f  
t h e  c r i c o t h y r o i d  musc le ,  t h e y  are a l l  a t t a c h e d  t o  t h e  a r y -  
t e n o i d  c a r t i l a g e .  The l o c a t i o n s  and a c t i o n s  o f  t h e  musc le s  
a r e  i n d i c a t e d  i n  F i g .  2-7. 
The c r i c o t h y r o i d  muscle  a r i s e s  f rom a small r e g i o n  
a l o n g  t h e  a n t e r i o r  a r c h  o f  t h e  c r i c o i d  c a r t i l a g e  and f a n s  
o u t  t o  i n s e r t  on t h e  i n f e r i o r  b o r d e r  o f  t h e  t h y r o i d  l a m i n a  
and  t h e  a n t e r i o r  b o r d e r  o f  t h e  i n f e r i o r  c o r n u .  I t s  con- 
t r a c t i o n  r o t a t e s  t h e  a n t e r i o r  p o r t i o n s  o f  t h e  trio c a r t i l a g e s  
t oward  e a c h  o t h e r  and  p u l l s  t h e  t h y r o i d  ' c a r t i l a g e  s l i g h t l y  
a n t e r i o r l y  w i t h  r e s p e c t  t o  t h e  c r i c o i d .  Both t h e s e  a c t i o n s  
c o n t r i b u t e  t o  t h e  t e n s i n g  of  t h e  v o c a l  l i g a m e n t s .  
The p o s t e r i o r  c r i c o a r y t e n o i d  musc le  a r i s e s  f rom t h e  
m u s c u l a r  p r o c e s s  o f  t h e  a r y t e n o i d  c a r t i l a g e  and f a n s  o u t  t o  
i n s e r t  a l o n g  t h e  l e n g t h  of  t h e  median r i d g e  on t h e  p o s t e r i o r  
Q 
l a m i n a  of  t h e  c r i c o i d  c a r t i l a g e .  I ts c o n t r a c t i o n s  t e n d  t o  
a b d u c t  t h e  g l o t t i s  b y - r o t a t i n g  t h e  a r y t e n o i d  c a r t i l a g e  a b o u t  
- i t s  c y l i n d e r  a x i s .  
The l a t e r a l  c r i c o a r y t e n o i d  a l s o  a r i s e s  f rom t h e  mus- 
c u l a r  p r o c e s s ,  b u t  p a s s e s  a n t e r i o r l y  t o  i n s e r t  i n t o  t h e  
s u p e r i o r  b o r d e r  o f  t h e  c r i c o i d  r i n g .  I t s  c o n t r a c t i o n  p u l l s  
t h e  a r y t e n o i d  c a r t i l a g e  a n t e r i o r l y  a l i t t l e  and  r o t a t e s  i t  
m e d i a l l y  by v i r t u e  o f  i t s  a n t e r i o r  and m e d i a l  d i r e c t , i o n  o f  
p u l l .  The musc le  t h u s  c o n t r i b u t e s  t o  t h e  a d d u c t i o n  o f  t h e  
v o c a l  f o l d s .  
The i n t e r a r y t e n o i d  muscle  c o n n e c t s  t h e  two a r y t e n o i d  
c a r t i l a g e s  p o s t e r i o r l y .  The t r a n s v e r s e  component i s  t h e  
FIGURE 2-7 
Locations a n d  actions of the intrinsic l a r y n g e a l  muscles. 
(from Sonesson, 1 9 6 8 ) .  

o n l y  u n p a i r e d  i n t r i n s i c  musc le ,  c o n n e c t i n g  t h e  p o s t e r i o r  
s u r f a c e s  and  l a t e r a l  marg ins  o f  t h e  two c a r t i l a g e s .  The 
o b l i q u e  component i s  a c r o s s e d  musc le ,  a r i s i n g  f rom t h e  mus- 
c u l a r  p r o c e s s  o f  one  c a r t i l a g e  and  i n s e r t i n g  i n t o  t h e  apex  
o f  t h e  o p p o s i t e  o n e .  Some f i b e r s  c o n t i n u e - P a s t  t h e  a p e x  
and  p a s s  a l o n g  t h e  a r y e p i g l o t t i c  f o l d s  t o  t h e  e p i g l o t t i s .  
C o n t r a c t i o n  o f  t h e  i n t e r a r y t e n o i d  draws  t h e  p o s t e r i o r s  o f  
t h e  a r y t e n o i d  c a r t i l a g e s  t o g e t h e r ,  which a l s o  p r e v e n t s  them 
from s l i d i n g  f o r w a r d .  Thus ,  t h e  musc le  may a c t  an  a n  ad-  
d u c t o r  o r  as a t e n s o r ,  and i t  may be t h o u g h t  o f  as c o n t r o l -  
l i n g  d i f f e r e n c e s  between in te rmembranous  and i n t e r c a r t i -  
l a g i n o u s  c o n f i g u r a t i o n .  
The s t r u c t u r e  and  f u n c t i o n  o f  t h e  r e m a i n i n g  i n t r i n s i c  
m u s c l e ,  t h e  t h y r o a r y t e n o i d  musc le ,  h a s  been t h e  s o u r c e  o f  
.a 
much c o n t r o v e r s y  and  i s  p r o b a b l y  s t i l l  n o t  f u l l y  u n d e r s t o o d .  
The musc le  i s  a t t a c h e d .  on one s i d e  t o  t h e  a n g l e  o f  t h e  
t h y r o i d  c a r t i l a g e  and  on  t h e  o t h e r  t o  t h e  a r y t e n o i d  c a r t i -  
l a g e .  It i s  d i v i d e d  f u n c t i o n a l l y  b u t  p r o b a b l y  n o t  ana-  
t o m i c a l l y  i n t o  two p a r t s .  The med ia l  p o r t i o n ,  known as t h e  
v o c a l i s  m u s c l e ,  fo rms  p a r t  .of t h e  body o f  t h e  v o c a l  f o l d s .  
I ts  f i b e r s  do  n o t  a p p e a r  t o  i n s e r t  i n t o  t h e  v o c a l  l i g a m e n t  
( S o n e s s o n ,  1 9 6 0 ) ,  a s ' h a s  been  a s s e r t e d  by some (Husson,  
1 ? 5 0 ) ,  a l t h o u g h  some i n f e r i o r  f i b e r s  do  seem t o  i n n e r v a t e  
t h e  conus  e l a s t i c u s .  I t s  c o n t r a c t i o n s  may be t h o u g h t  o f  
a s  i n c r e a s i n c  t h e  t e n s i o n  i n  t h e  body o f  t h e  v o c a l  f o l d s  
o r  d e c r e a s i n g  t h e  t e n s i o n  i n  t h e  l i c a m e n t .  The e x t e r n a l  
p a r t ,  which a r i s e s  i n f e r i o r l y  a t  t h e  t h y r o i d  c a r t i l a g e  and 
a t t a c h e s  more l a t e r a l l y  on t h e  a r y t e n o i d  c a r t i l a g e ,  i s  con- 
s i d e r e d  a g l o t t a l  a d d u c t o r ,  a c t i n g  s i m i l a r l y  t o  t h e  l a t e r a l  
c r i c o a r y t e n o i d  musc le .  The most s u p e r i o r  f i b e r s  form t h e  
walls f o r  t h e  l a r y n g e a l  v e n t r i c l e ,  and some t u r n  back  p a s t  
t h e  a r y t e n o i d  c a r t i l a g e  t o  j o i n  t h e  a r y e p i ~ l o t t i c  musc le  
( f o r m i n g  t h e  t h y r o e p i g l o t t i c  m u s c l e ) .  These  f i b e r s  t h u s  h e l p  
t o  p e r f o r m  s u p r a g l o t t a l  c l o s u r e  - - i . e .  - c l o s u r e  o f  t h e  
v e n t r i c u l a r  f o l d s  and a r y e p i g l o t t i c  s p h i n c t e r .  
E x , t r i n s i c  !,luscles 
The e x t r i n s i c  musc les  a r e  c a p a b l e  o f  moving t h e  l a r y n x  
as a  whole ,  s i n c e  t h e y  a t t a c h  t o  s u r r o u n d i n g - s t r u c t u r e s .  
Ey v i r t u e  o f  t h e i r  l a r y n g e a l  a t t a c h m e n t s ,  however ,  t h e y  may 
a l s o  a f f e c t  t h e  i n t e r n a l  c o n f i g u r a t i o n  of" t h e  l a r y n x  
(Sonn inen ,  1 9 6 8 ) .  
The re  a r e  b a s i c a l l y  t h r e e  p a i r s  o f  t h e s e  musc le s .  Two 
o f  them a r e  t h e  s t r a p  musc le s ,  which a t t a c h  t o  t h e  o b l i q u e  
l i n e  o f  t h e  t h y r o i d  c a r t i l a g e  (which i s  shown i n  P i g .  2 - 2 ) .  
The t h y r o h y o i d  p a s s e s  s u p e r i o r l y  t o  a t t a c h  t o  t h e  hyo id  bone ,  
and  t h e  s t e r n y t h y r o i d  p a s s e s  i n f e r i o r l y  t o  a t t a c h  t o  t h e  
s t e rnum.  They c a n  draw t h e  l a r y n x  up o r  down, r e s p e c t i v e l y ,  
and i n  d o i n g  s o  can  a l s o  r o t a t e  t h e  t h y r o i d  c a r t i l a g e  w i t h .  
r e s p e c t  t o  t h e  c r i c o i d .  T h e  t h i r d  p a i r  o f  musc le s  i s  t h e  
i n f e r i o r  p h a r y n g e a l  c o n s t r i c t o r s ,  which a r i s e  f rom t h e  s i d e s  
n 
i o f  t h e  c r l c o i d  and t h y r o i d  c a r t i l a g e s  and meet on t h e  
p o s t e r i o r  k ~ a l l  o f  t h e  pha rynx .  The i n t e r i o r m o s t  o f  t h e s e  
f i b e r s  fo rm a musc l e  c a l l e d  t h e  c r i c o p h a r y . n g e u s ,  which  forms  
a s p h i n c t e r  a r o u n d  t h e  o p e n i n g  o f  t h e  e s o p h a g u s .  
S i n c e  t h e  l a r y n x  i s  suspended  f rom t h e  h y o i d  b o n e ,  
m u s c l e s  which a f f e c t  t h e  bone may a l s o  a f f e c t  t h e  l a r y n x .  
T h e r e  are s e v e r a l  musc l e s  c a p a b l e  o f  e l e v a t i n g  and  d e p r e s s i n g  
t h e  h y o i d  bone a n d  a l s o  t o  some e x t e n t  moving i t  f o r w a r d  and  
backward .  
IJdrve Supp ly  a n d  S e n s o r y  finatomy 
The l a r y n x  i s  i n n e r v a t e d  by two s e p a r a t e  b r a n c h e s  o f  
t h e  vagus  n e r v e .  The s u p e r i o r  l a r y n g e a l  n e r v e  h a s  a n  ex-  
t e r n a l  b r a n c h  which  p r o v i d e s  n o t o r  i n n e r v a t i o n  t o  t h e  c r i c o -  
t h y r o i d  musc l e  and  a n  i n t e r n a l  b r a n c h  which  s u p p l i e s  s e n s o r y  
i n n e r v a t i o n  and  i n n e r v a t i o n  t o  t h e  mucou%r; lands above  t h e  
l e v e l  o f  t h e  v o c a l  f o l d s .  The r e c u r r e n t  l a r y n g e a l  n e r v e ,  
which e n t e r s  t h e  l a r y n x  i n  a n  upward c o u r s e ,  p r o v i d e s  mo to r  
i n n e r v a t i o n  t o  a l l  t h e  i n t r i n s i c  musc l e s  e x c e p t  t h e  c r i c o -  
t h y r o i d  and  p r o v i d e s  s e n s o r y  and  s e c r e m o t o r  i n n e r v a t i o n  up 
t o  t h e  l e v e l  o f  t h e  v o c a l  l i g a m e n t .  The r e c u r r e n t  n e r v e s  
o f  t h e  two s i d e s  d i f f e r  i n  l e n g t h ,  w i t h  t h e  l e f t  n e r v e  
l o n g e r  s i n c e  it must  p a s s  a r o u n d  t h e  a o r t i c  a r c h .  
' T h e r e  i s  a r i c h  s u p p l y  o f  r e c e p t o r s  i n  t h e  mucosa l  and  
submucosa l  membranes o f  t h e  l a r y n x .  These  i n c l u d e  p r e s s u r e  
( t a c t i l e )  r e c e p t o r s  a s  w e l l  a s  o t h e r s  ( p a i n ,  c h e m o r e c e p t o r s )  





r e c e p t o r s  i n  t h e  j o i n t  c a p s u l e s  ( a r t i c u l a r  m e c h a 2 o r e c e p t o r s ) .  
The i s s u e  o f  t h e  p o s s i b l e  p r e s e n c e  o f  m y o t a t i c  ( s t r e t c h )  
r e c e p t o r s  i n  t h e  i n t r i n s i c  musc le s  h a s  b e e n ' a  c o n t r o v e r s i a l  
one (Pressman and Kelemen, 1955;  Savrashima, 1 9 7 0 )  which h a s  
n o t  been c o m p l e t e l y  s e t t l e d .  It a p p e a r s ,  however,  t h a t  
t h e r e  i s  a t  l e a s t  a p r i m i t i v e  k i n d  o f  s t r e t c h  r e c e p t o r  i f  
n o t  t h e  common muscle  s p i n d l e  found i n  o t h e r  s k e l e t a l  musc le .  
Cross  S e c t i o n  -- o f  . t h e  Vocal  F o l d s  
A t y p i c a l  s c h e m a t i c  c o r o n a l  s e c t i o n  o f  t h e  v o c a l  f o l d s  
a t  a l e v e l  a n t e r i o r . t o  t h e  v o c a l  p r o c e s s  i s  shown i n  P i g .  
2-8. The t h y r o a r y t e n o i d  musc le  i s  l a t e r a l  and i n f e r i o r  t o  
t h e  v o c a l  l i g a m e n t .  S u p e r i o r  t o  t h e  c r i c o i d  c a r t i l a g e  i s  
m u s c u l a r  t i s s u e  which i n c l u d e s  components f rom t h e  c r i c o -  
t h y r o i d  musc le  and  l a t e r a l  c i r c o a r y t e n o i & m u s c l e  i n  p ropor -  
t i o n  depend ing  on t h e  l e v e l  o f  t h e  t r a n s a c t i o n .  F i g .  3-9, 
shows a  s c h e m a t i c  h o r i z o n t z l  s e c t i o n  a t  t h e  l e v e l  o f  t h e  
v o c a l  p r o c e s s e s .  The l e n g t h  o f  t h e  g l o t t i s  c o n s i s t s  o f  
r o u g h l y  2/3 inter-membranous p a r t  (when s t r e t c h e d )  and 1/3 
i n t e r c a r t i l a g i n o u s  p a r t ,  w i t h  a  t o t a l  l e n g t h  o f  a b o u t  2 cm., 
f o r  a d u l t  ma les .  A s  Fig. 2-9 shotrs,  t h e  membranous p a r t  can 
c o n s t i t u t e  l e s s  t h a n  h a l f  t h e  l e n g t h  o f  t h e  . g l o t t i s .  Glo t -  
t a l  w i d t h  c a n  v a r y  anywhere from z e r o  ( g l o t t a l  c l o s u r e )  t o  
8 mm.  (normal  b r e a t h i n g )  t o  a b o u t  1 5  m. ( d e e p  i n h a l a t i o n ) .  
T y p i c a l  naximum w i d t h  d u r i n g  v o i c e  p r o d u c t i o n  i s  one o r  two 
2 
mm. ( r o u g h l y  20 mm. maximum a r e a ) .  
voc. Li'g. 
Vcc. Kuscle 
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FIG.  172 - Transverse section of larynx of a child. to show thticrico-ar>tzn$d join1 
anti the vocal and muscular processes of the arytenoid. 1 
Lowe?- ~ e s ~ i r a t o r ~  T r a c t  and Voca l  T r a c t  
--- 
n 
 he a n a t o n y  and  p h y s i o l o g y  o f  t h e  l o w e r  r e s p i r a t o r y  
t r a c t  h a s  been  e x t e n s i v e l y  s t u d i e d  ( s e e  Fenn and  Rahn, 19611) .  
The t r a c h e a  d e s c e n d s  f o r  r o u g h l y  1 2  cm. and t h e n  s p l i t s  i n t o  
two b r o n c h i ,  which s u b s e q u e n t l y  d i v i d e  and so'  on f o r  up t o  
t v e n t y  g e n e r a t i o n s , .  The s t a t i s t i c s  o f  t h e  a i r w a y  anatomy 
( e . ~ .  a v e r a g e  g e n e r a t i o n  number,  t o t a l  number o f  b r ' anches ,  
t o t a l  a i r w a y  c r o s s  s e c t i o n  a l l  a s  a f u n c t i o n  o f  d i s t a n c e  
from t h e  g l o t t i s )  h a v e  been  measured  (Vlelbel ,  1 9 6 4 ) .  The 
t o t a l  c r o s s  s e c t i o n a l  a r e a  o f  t h e  t r a c t  grows s l o w l y  a t  f i r s t  
( f rom a n  i n i t i a l  v a l u e  o f  a b o u t  2 .5  crn.') and t h e n  grows 
v e r y  r a p i d l y  a s  t h e  l e v e l  o f  t h e  a l v e o l i  i s  a p p r o a c h e d ,  a l -  
t- 
t h o u g h  t h e  c r o s s  s e c t i o n s  o f  i n d i v i d u a l  a i r  p a s s a g e s  de-  
c r e a s e s .  0 
The anatomy o f  t h e  s u p r a g l o t t a l  t r a c t  d u r i n g  s p e e c h  
p r o d u c t i o n  h a s  b e e n  t h e  s u b j e c t  o f  much r e s e a r c h  i n  t h e  p a s t  
, s e v e r a l  y e a r s .  ( F a n t , '  1 9 6 0 ,  P e r k e l l ,  1 9 6 9 ) .  It c o n s i s t s  
o f  a t u b e  ( t e r n i n a t i n g  w i t h  t h e  l i p s )  r o u g h l y  17 cm. 1,ong 
( f o r  a n  a d u l t . m a l e )  whose c r o s s  s e c t i o n  i s  a d j u s t a b l e  a t  
v i r t u a l l y  e v e r y  l e v e l .  J u s t  above  t h e  l a r y n x ,  i t s  a r e a  i s  
a b o u t  2 .5  cm. A n a s a l  t u b e  may be s w i t c h e d  i n  o r  o u t  de-  
p e n d i n g  on  t h e  a c t i o n  o f  t h e  ve lum. :  
Anatomv o f  t h e  Can ine  1 , ~ r y n x  
L -
The l a r y n x  o f  dogs  l i k e  t h o s e  u s e d  f o r  t h i s  t h e s i s  
(Mongre l s ,  20 - 30 k g . ) . i s  s imilar  i n  s i z e  t o  - a n  a v e r a g e  
human l a r y n x ,  and  i t s  a n a t o m i c a l  s t r u c t u r e  i s  g r o s s l y  
s imi la r ,  though i t  d i f f e r s  i n  s e v e r a l  d e t a i l s  ( ~ r a d l e y ,  1 9 5 9 ,  
F l i l l e r  . -- e t  a l . , 19611 ) . The e p i g l o t t i s ,  f o r  example ,  i s  l a r g e r ,  
i n  a c c o r d a n c e  w i t h  i t s  more b a s i c  f u n c t i o n  i n  o l f a c t i o n  
(Negus,  1343). It i s  s u p p l i e d  w i t h  a p a i r  o f  h y o p i g l o t t i c  
m u s c l e s  c a p a b l e  o f  p u l l i n g  i t  a n t e r i o r l y  t o  i s o l a t e  t h e  
mouth c a v i t y  f rom t h e  r e s p i r a t o r y  sys t em.  
The re  a r e  some d i f f e r e n c e s  i n  t h e  s h a p e  o f  t h e  t h y r o i d  
c a r t i l a g e .  It i s  l e s s  a n g u l a t e d  t h a n  t h e  human m a l e ' s  c a r -  
t i l a g e ,  and  i t s  s u p e r i o r  h o r n s  a r t i c u l a t e  more d i r e c t l y  w i t h  
t h e  h y o i d  bone .  
The most i m p o r t a n t  d i f f e r e n c e s  a r e  i n  t h e  d o r s a l  r e g i o n .  
The i n t e r a r y t e n o i d  musc le ,  which i n  man i s  t h i c k  and e f -  
t f e c t i v e  and  which c o n ' s i s t s  of b o t h  c r o s s e d  a n d  u n c r o s s e d  corn- 
?- p o n e n t s ,  i s  s m a l l  and i n d i s t i n c t  and c o n s 3 s t s  o f  o n l y  a n  
u n c r o s s e d  ( b u t  p a i r e d )  component. I n  t h e  dog ,  t h e r e  i s  a n  
e x t r a  l i t t l e  c a r t i l a g i n o u s  n o d u l e ,  t h e  i n t e r a r v t e n o i d  c a r -  
t i l a g e ,  c o n n e c t i n g  t h e  two a r y t e n o i d s .  The t r a n s v e r s e  ary-  
t e n o i d  ( i n t e r a r y t e n o i d )  m u s c l e ,  which a r i s e s  f rom t h e  r e g i o n  
o f  t h e  m u s c u l a r  p r o c e s s  of  t h e  a r y t e n o i d  c a r t i l a g e ,  i n s e r t s  
i n t o  t h e  i n t e r a r y t e n o i d  c a r t i l a g e s ,  and d o e s  n o t  p a s s  t h e  
m i d l i n e .  The c u n e i f o r m  c a r t i l a g e  o f  t h e  dog i s  l a r g e r  t h a n  
t h a t  of man, c o n s i s t e n t  w i t h  t h e  need  f o r  more e f f i c i e n t  
a r y e p i g l o t t i c  f u n c t i o n . .  The v e n t r i c u l a r  m u s c l e ,  which i s  
I n d i s t i n c t  i n  man, i s  a  t h i c k  musc le  c o n n e c t i n g  t h e  a r y t e n o i d  
and  i n t e r a r y t e n o i d  c a r t i l a g e s  w i t h  t h e  v e n t r a l  p a r t  o f  t h e  
c u n e i f o r m  c a r t i l a g e .  
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C h a p t e r  3 Physlolop-y -- of  t h e  Larynx 
I n  t h i s  c h a p t e r ,  methods f o r  s t u d y i n g  l a r y n g e a l  p h y s i o -  
l o g y  - p a r t i c u l a r l y  a s  i t  a p p l i e s  t o  v o i c e  p r o d u c t i o n  - a r e  
r e v i e v e d .  Some a s p e c t s  o f  b a s i c  l a r y n ~ e a l  p h y s i o l o g y  a n d  
t h e  p h y s i o l o g y  o f  v o i c e  p r o d u c t i o n  a r e  t h e n  d i s c u s s e d .  
r.let?~ocis f o r  S t u d y i n g  L a r y n c e a l  Phys i o l o ~ y  
La ryn roscopv  
D i r e c t  ~ S s e r v a t i o n  o f  t h e  l a r y n x  t h r o u g h  t h e  mouth i s  
p o s s i b l e ,  t hough  i t  i s  e s s e n t i a l l y  a s u r g i c a l  p r o c e d u r e  and 
c a n  be  d i f f i c u l t  and p a i n f u l  f o r  t h e  s u b j e c t .  I n d i r e c t  
l a r y n g o s c o p y ,  u t i l i z i n g  a  m i r r o r  a t  t h e  back  o f  t h e  mouth 
t o  r e f l e c t  l i g h t  o n t o  t h e  l a r y n x  and  r e f l e c t  back t h e  image ,  
h a s  beer. more commonly u s e d .  
Dur ing  p h o n a t i o n ,  e i t h e r  stroboscopiiS,  methods o r  h i g h  
s p e e d  c i n e m a t o g r a p h y  must be  u s e d  t o  o b s e r v e  t h e  v i b r a t i o n s  
o f  t h e  v o c a l  f o l d s .  R e s o l u . t i o n  u s i n g  h igh-speed  c inema to -  
g r aphy  i s  l i m i t e d  by t h e  f rame r a t e  (which i s  t y p i c a l l y  1099  
t o  6000 f r a m e s  p e r  s e c o n d ) .  S t r o b o s c o p i c  methods can  o n l y  
b e  u sed  t o  o b s e r v e  s t e a d y  p h o n a t i o n .  R e s o l u t i o n  i s  l i m i t e d  
by t h e  dynamic v a r i a t i o n s  o f  t h e  v i b r a t i o n s  (L iebe rman ,  
1951 ;  I.?oore and  von Leden ,  1 9 5 8 ) .  
Some c i i s a d v a n t a c e s  o f  t h e  l a r y n g e a l  m i r r o r  a re  t h a t  i t  
mzy i n t e r f e r e  w i t h  normal  v o c a l  a c t i v i t y ,  t h a t  normal  a c t i -  
v i t i e s  may i n t e r f e r e  w i t h  t h e  view o b t a i n e d  w i t h  i t  ( e s -  
p e c i a l l y  due  t o  movements o f  t h e  e p i g l o t t i s ) ,  and  t h a t  u s e  
o f  t h e  m i r r o r  i s  n o t  t o l e r a t e d  by many s u b j e c t s .  Some of 
t h e s e  d i s a d v a n t a g e s  have  been  overcome t h r o p g h  t h e  deve lop -  
ment o f  a f i b e r o p t i c  l a r y n g o s c o p e  (Sawashima and I f i r o s e ,  
1 9 6 8 )  which c a n  be i n s e r t e d  i n t o  t h e  pharynx  v i a  t h e  n o s e  
and which i n t e r f e r e s  o n l y  min ima l ly  w i t h  normal  s p e e c h  p r o -  
d u c t l o n .  It h a s  been  used  f o r  c inema tography  a t  r a t e s  up  
t o  a S o u t  6)4 f r a m e s  p e r  s econd  (Sawashima a n d  U s h i j i m a ,  1 9 7 1 ) .  
With improved s o u r c e s ,  t h i s  l i m i t  s h o u l d  e x t e n d a b l e  
t o  t h e  h igh - speed  r a n g e ,  o r ' s . t r o b o s c o p i c  methods might  he  
u s e d .  The f i b e r o p t i c  l a r y n g o s c o p e  a l l o w s ,  f o r  t h e  f i r s t  
t i m e ,  o b s e r v a t i o n  o f  t h e  l a r y n x  engaged i n  t h e  p r o d u c t i o n  o f  
c o n n e c t e d  s p e e c h  (Sawashima -- e t  a l . ,  1 9 7 0 ) .  
G l o t t o p . a p h y  
S e v e r a l  t e c h n i q u e s  o t h e r  t h a n  l a ryn&oscopy  have  been  
used  t o  m o n i t o r  g l o t t a l  v i b r a t i o n s .  
P h o t o e l e c t r i c  g l o t t o g r a p h y  i n v o l v e s  d i r e c t i n g  l i ~ h t  
toward t h e  g l o t t i s ,  e i t h e r  f rom above o r  be low,  and  measur-  
i n g  t h e  amount t r a n s m i t t e d  t o  t h e  o t h e r  s l d e  u s i n c  a p!loto- 
e l e c t r i c  d e v i c e .  The t e c h n i q u e  h a s  been  used as a  s t r a i g h t -  
f o r w a r d  way t o  r e p r e s e n t  t h e  pe r fo rmance  o f  e x c i s e d  p r e p a r a -  
t i o n s  a s  e a r l y  a s  1335 ( v a n  den  Berg ,  1968). It  was a d a p t e d  
b y . S o n e s s o n  ( 1 0 6 9 )  and  l a t e r  by L i s k e r  e t  a l .  (1069)  f o r  u s e  
--
d u r i n g  n o r n a l  s t e a d y  p h o n a t i o n  and  r u n n i n g  s p e e c h ,  r e s p e c -  
t i v e l y ,  b u t  i t  g i v e s  a t  b e s t  o n l y 1  q u a l i t a t i v e  i n f o r m a t i o n  
a b o u t  t h e  s t a t e  o f  t h e  g l o t t i s .  
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U l t r a s o n i c  imag ing  of t h e  l a r y n x  h a s  been a t t e n p t e d  
v i t h  o n l y  l i m i t e d  s u c c e s s  ( s e e  r e v i e w  i n  Sawashima, 1 ? 7 n ) .  
E s s e n t i a l l y ,  i t  i s  u s e f u l  o n l y  f o r  d e t e c t i n ~  p r e s e n c e  o r  
a b s e n c e  o f  g l o t t a l  c l o s u r e .  
E l e c t r o n i c  ~ l o t t o g r a p h y  ( F a b r e ,  1 9 5 8 ) ~  v h i c h  measu res  
v a r i a t i o n s  i n  e l e c t r i c a l  impedance a c r o s s  t h e  neck  due  
v i b r a t i o n s  o f  t h e  v o c a l  f o l d s  ,. a l s o  y5.elds v e r y  q u a l i t a -  
t i v e  r e s u l t s ,  and hence  i s  o n l y  m o d e r a t e l y  u s e f u l .  It h a s  
found  a . p p l i c a t i o n  a s  a  t r a n s d u c e r  t o  measure  v o i c i n g  fun -  
d a m e n t a l  f r e q u e n c y  ( F o u r c i n  and F,bberton, 19711,  b u t  t h r o ' a t  
microphones  and a c c e l e r o m e t e r s  ( r ~ i c k e r s o n  and S t e v e n s ,  1 9 7 3 )  
a r e  a l s o  u s e f u l  f o r  t h i s  p u r p o s e .  
S t i l l -  and  c i n e - r a d i o g r a p h i c  t e c h n i q u e s  have been used  
0 
t o  m o n i t o r  g r o s s  movements o f  t h e  s p e e c h  anator ly  i n  g e n e r a l  
( e . ~ .  Ferl . :el l ,  1 9 5 9 )  and t h e  l a r y n x  i n  p a r t i c u l a r  ( S o n n i n e n ,  
1368; I i o l l i e n  and C u r t i s ,  1962 ,  K i t z i n g  and  Sonesson ,  1 9 6 7 ) .  
L a t e r a l - v i e w  r a d i o g r a p h y  h a s  been  used  t o  s t u d y  t h e  l e n g t h  
o f  t h e  v o c a l  f o l d s  d u r i n g  changes  i n  fundamen ta l  f r e q u e n c y  
(Damste -- e t  a l . ,  1 3 6 8 )  and f r o n t a l - v i e w  r a d i o p - a p h v  h a s  been 
u s e d  t o  measure  changes  i n  t h e  v e r t i c a l  t h i c k n e s s  o f  t h e  
f o l d s  ( ! !ol l ien and  C o l t o n ,  1 3 6 9 ) .  These  t e c h n i q u e s  a r e  li- 
m i t e d  i n  b o t h  t h e  s p a t i a l  and  t i m e  domains ,  a l t h o u g h  t h e r e  
have  b e e n  r e c e n t  a t t e m p t s  a t  improvement (Sovak ,  -- c t  a l . ,  
1 9 7 1 )  i n  o r d e r  t o  s t u d y  t h e  d e t a i l s  o f  t h e  g l o t t a l  c y c l e .  
A l thouch  c o n v e n t i o n a l  r a d i o c r a m s  a r e  e s s e n t i a l l y  o n l y  
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shadow i n a g e s ,  i t  i s  p o s s i b l e  t o  f o c u s  on  a p a r t i c u l a r  i n -  
t e r n a l  p l a n e  u s i n c  t h e  t e c h n i q u e  o f  l aminagraphy  o r  tomo- 
g r a p h y ,  i n  v h i c h  t h e  x-ray s o u r c e  a n d  d e t e c t o r  a r e  movsd 
a r o u n d  t h e  p l a n e  o f  f o c u s  d u r i n g  e x p o s u r e  t o  b l u r  o u t  a l l  
t h e  u n d e s i r e d  p l a n e s .  T h i s  t e c h n i q u e  h a s  been  f r e q u e n t l y  
used  t o  o b t a l n  i m a ~ e s  o f  c o r o n a l  ( f r o n t a l )  s e c t i o n s  o f  t h e  
l a r y n x ,  b u t  o f  c o u r s e  t h e  e x p o s u r e  t i m e  i s  l a r g e  compared 
t o  a g l o t t a l  p e r i o d .  The t e c h n i q u e  was r e f i n e d  by E o l l i e n  
e t - a l .  (1968), who f l a s h e d  t h e  x-ray s o u r c e  s t r o b o s c o p i c a l l y  
-
d u r i n g  t h e  l a m i n a g r a p h i c  p r o c e d u r e .  For  s t e a d y  p h o n a t i o n ,  
t h e y  c o u l d  t h u s  o b t a i n  images o f  i n s t a n t a n e o u s  l a r y n g e a l  
c r o s s  s e c t i o n s  a t  s u c c e s s i v e  p h a s e s  w i t h i n  a c y c l e .  P.l though 
t h i s  t e c h n i q u e  o f  s t r o b o s c o p i c  laminagrap!~y  (STROL) i s  po- 
t e n t i a l l y  o f  g r e a t  v a l u e ,  i t s  u s e f u l n e s s & a s  been  l i m i t e c !  b y  
t h e  r e l a t i v e l y  poor  q u a l i t y  o f  t h e  images  o b t a i n e d .  
E l e c t r o n y o g r a p h i c  s t u d i e s  o f  l a r y n g e a l  musc l e s  have  been  
r e p o r t e d  s i n c e  t h e  1 9 5 0 ' s .  The e a r l y  s t u d i e s  (Faaborz-Ander-  
s e n ,  1 9 5 7 )  u t i l i z e d  b i p o l a r  n e e d l e  e l e c t r o d e s ,  which were 
found  t o  be  d i f f i c u l t  t o  work r r i t h  and which p r o b a b l y  i n t e r -  
f e r e d  w i t h  normal  f u n c t i o n .  L a t e r ,  hooked w i r e  e l e c t r o d e s ,  
which a r e  i n s e r t e d  by a n e e d l e  t h a t  i s  s u b s e q u e n t l y  wi thdrawn,  
were i n t r o d u c e d  (Mirano and Ohala ,  196?), malting i t  p o s s i b l e  
t o  r e c o r d  f rom a l l  t h e  i n t r i n s i c  m u s c l e s  w i t h  a minimum o f  
i n t e r f e r e n c e  w i t h  normal  f u n c t i o n .  With t h e  new e l e c t r o d e  
t e c h n i q u e s  and  new d a t a  p r o c e s s i n g  t e c h n i q u e s ,  r e s u l t s  a r e  
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o n l y  c u r r e n t l y  beg inn in^; t o  r e a l l y  a c c u m u l a t e  (e..p;. Gay 
e t  a l . ,  l n 7 2 ;  S h i p p  and McClone, 1971 ;  ITirano et; a l . ,  137 '7) .  
-- -- 
!,leasurement - o f  G l o t t a l  A i r f l o w  and  - S u h g l - o t t a l  P r e D r  . , . ,~re 
Average  s u b i l o t t a l  p r e s s u r e  c a n  b e  measured  d i r e c t l y  
by  c o u p l i n g  a p r e s s u r e  t r a n s d u c e r  t o  t h e  s u b ~ l o t t a l  r e ~ i o n  
t h r o u g h  a t r a c h e a l  p u n c t u r e .  I n  a small number o f  c a s e s ,  
t h e r e  a r e  s u r g i c a l  p a t i e n t s  w i t h  t r a c h e o s t o m a s  as wel l  as 
n o r m a l  l a r y n x e s .  , I n  s u c h '  c a s e s ,  as w i t h  e x c i . s e d  l a r y n x e s ,  
i t ' i s  p o s s i b l e  t o  b e t t e r  c o u p l e  a p r e s s u r e  t r a n s d u c e r ,  s o  
t h a t  more o f  t h e  dynamic i n f o r m a t i o n  c a n  be  r e c o r d e d  ( v a n  
d e n  E e r g ,  1 9 6 2 ) .  S u b g l o t t a l  p r e s s u r e  c a n  a l s o  b e  measu red  
i n d i r e c t l y  u s i n g  a n  e s o p h a g e a l  b a l l o o n  ( v a n  d e n  B e r ~ ,  1 5 6 ) .  
I t  h a s  b e e n  shorn t h a t  c h a n g e s  i n  e s o p h a g e a l  p r e s s u r e  d i f f e r  
f rom t h o s e  i n  t r a c h e a l  p r e s s u r e  o v e r  t h e s o u r s e  o f  a s i n g l e  
e x p i r a t o r y  c y c l e  (Kunze ,  l ? 6 l l ) ,  b u t  ' c o r r e c t i o n s  c a n  b e  made 
f rom t h e s e  d i f f e r e n c e s .  
!.!ith t r a c h e a l  p u n c t u r e s  and  e s o p h a g e a l  b a l l o o n s ,  o n l y  
a v e r a c e  o r  lev-frequ5ncy s u b g l o t t a l  p r e s s u r e  i n f o r m a t i o n  c a n  
b e  r e c o r d e d .  Such i n f o r m a t i o n  i s ,  o f  c o u r s e ,  u s e f u l  Tor  
s t u d y i n g  s u c h  a s p e c t s  an f u n d a m e n t a l  f r e q u e n c y ,  i n t e n s i t y ,  and 
r e g i s t r a t i o n  c o n t r o l .  U s i n g  modern m i n i a t u r i z e d  p r e s s u r e  
t r , a n s d u c e r s ,  hov!ever, i t  a p p e a r s  p o s s i b l e  t o  make b roadband  
s u b g l o t t a l  p r e s s u r e  n e a s u r e m e n t s  by 1ovreri.nC; t h e  t r a n s d u c e r  
th rnugI1  t h e  g l o t t i s  d i r e c t l y  i n t o  t h e  t r a c h e a  (Ko ike  a n d  
P e r k i n s ,  1 9 6 8 ;  I ! i k i ,  Koike ,  and  Ta lcahash i ,  1?7Q; Koike a n d  
I l i r a n o ,  1 9 7 3 ;  P e r k i n s  and Ko ike ,  1 9 6 9 ) .  
Average a i r f l o w  d u r i n g  v o i c e  p r o d u c t i o n  c a n  b e  measured 
w i t h  a .body plethysmog13aph, which i n d i r e c t l y  measures  changes  
i n  l u n c  volume (!lead, 1 9 6 9 ) .  I!ot wire d e v i c e s  (anemometers )  
migh t  be  u s e f u l ,  t hough  t h e y  have n o t  g e n e r a l l y  been  u s e d .  
Pneumotachographs ,  which a r e  f a c e  maslts o r  t u b e s  i n c o r p o r a t -  
i n g  l i n e a r  f l o c  r e s i s t o r s  ( v i z .  - f i n e  mesh s c r e e n s )  and p r e s -  
s u r e  t r a n s d u c e r s ,  a r e  p e r h a p s  t h e  most  u s e f u l .  Chey have  
been  used  t o  measure  a v e r a g e  f l o w  rates  f o r  s u s t a i n e d  sounds  
( 5 . ~ .  . I s s h i ! < i ,  19C4) ,  t o  measure  f l o w  r a t e s  o v e r  t h e  c o u r s e  
of  p h o n e t i c  s egmen t s  ( Klatt ,  S t e v e n s ,  and  Wead, 1 0 6 0 ) ,  and  
even  t o  measure  t h e  d e t a i l e d  a c o u s t i c  volume v e l o c i t y  wave- 
form a t  t h e  l i p s  ( R o t h e n b e r g ,  1 9 7 3 ) .  I n  t h e  l a t t e r  c a s e ,  
a i r f l o v ~  a t  t h e  g l o t t i s  was a l s o  e s t i m a t e d  b y  i n v e r s e  f i l t e r -  
i n g ,  t o  n e g a t e  t h e  e f f e c t s  o f  t h e  v o c a l  b a c t .  The a c o u s t i c  
component of volume v e l o c i t y  t h r o u g h  t h e  g l o t t i s  c a n  a l s o  b e  
e s t i m a t e d  by i n v e r s e  f i l t e r i n g  o f  t h e  r a d i a t e d  a c o u s t i c  
p r e s s u r e  waveform (r la thews,  X i l l e r ,  a n d  Dav id ,  1961;  E o l n e s ,  
a l t h o u g h  t h i s  one  s t e p  f u r t h e r  removed from t h e  
g l o t t i s .  O t h e r  a t t e m p t s  t o  e s t i n a g e  aerodynamic  e v e n t s  a t  
t h e  g l o t t i s  have  i n c l u d e a  aerodynamic  m o d e l l i n g  i n  conjunc-  
t i o n  w i t h  g l o t t a l  a r e a  da ta  measured f rom h i g h  s p e e d  movies  
( F l a n a g a n ,  1 9 5 8 )  and  e x p e r i m e n t s  w i t h  e x c l s e d  l a r y n x e s  and 
a n i m a l  p r e p a r a t i o n s .  
F o r  u n d e r s t a n d i n g  t h e  mechanism of  p h o n a t i o n ,  t h e  d i s -  
t r i b u t i o n  o f  p r e s s u r e  w i t h i n  t h e  g l o t t i s .  i s  i m p o r t a n t  a s  
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well as the pressure drop across it. Some attempts have been 
made to derive this distribution by means of mathematical 
and physical modelling, and these will be discussed in the 
following chapter. 
Experiments with Excised Larynxes and Animal 
Preparations, and Observations of IIuman Fatholo~ies 
- -
Experiments with excised larynxes, both of animals and 
humans, have added much to understanding of laryngeal me- 
chanism. Such experiments were reported by Ferrein as earqy 
as 1741, predating general understanding of the larynx's 
function in voice production. More recent experiments, most 
notably by van den Berg (1959, 1960, 1968) and by others 
(Anthony, 1968; Matsushita, 1969; van Michel, 1?71), have 
made use of more'modern equipment and mor,e careful techniques 
to elucidate the kinds of vocal activity of which the laryn- 
geal structures are intrinsically capable. Observations 
and measurements can be made more completely than with a 
normal larynx, and physlolo~ical para~eters such as airflow 
(or pressure) and laryngeal configuration can be controlled 
and systematically'varied. 
The major limitation of the excised preparation - namely 
9 that its death changes some of its mechanical properties, 
including its ability to tense the vocalis muscle - can be 
overcome by using live animal preparations. There are many 
/ 
reports in the literature of experiments using animals, 
mostly dogs, to study phonatory physiology ( e  -.p . ,  ~ubin, 
1 3 6 3 ;  Ueda -- e t  a l . ,  1 a 7 1 ;  1:oyarr.a -- e t  a l . ,  1?69 ;  Koyama 
e t  a l . ,  1 9 7 1 .  
-- I n  s u c h  e x p e r i m e n t s ,  p r e s s u r e  a n d  a i r f l o w  
c a n  b e  e i t h e r  measu red  o r  r e g u l a t e d ,  and  l a r y n g e a l  m u s c l e  
a c t i v i t y  c a n  b e  c o n t r o l l e d .  Animal p r e p a r a t i o n s  a re ,  o f  
c o u r s e ,  a l s o  u s e d  f o r  s t u d y l n g  more b a s i c  a s p e c t s  o f  l a r y n -  
g e a l  p h y s i o l o g y  s u c h  as r e f l e x  mechanisms ( e . ~ . ,  - K i r c h n e r  
and \#!yl<e, 1 3 6 5 ) .  
To some e x t e n t ,  i t  s h o u l d  S e  p o s s i b l e  t o  do  l i m i t e d  
e x p e r i m e n t a l  work o n  p a t h o l o g i c a l  human l a r y n x e s  d u r i n c  s u r -  
g i c a l  p r o c e d u r e s , . b u t  s u c h  work h a s  n o t  been  e x t e n s i v e l y  . 
r e p o r t e d .  However,  o b s e r v a t i o n s  o f  t h e  e f f e c t s  o f  v a r i o u s  
p a t h o l o g i e s  on  v o i c e  p r o d u c t i o n  (e.e; .  TanaSe ,  et e., 1072 ;  
H i r o t o ,  1 9 6 6 )  h a v e  added  t o  t h e  u n d e r s t a n d i n g  o f  no rma l  
l a r y n g e a l  p h v s i o l o g y  and  p r o b a b l y  1 ~ 1 1 1 1  d g s o  much more i n  
t h e  f u t u r e .  
Sone f i . s ~ e c t s  - of  E a s i c  L a r y n ~ e a l  ?h: rs io lopv 
" l a t e r i a l  i n  t h i s  s e c t i o n  c a n  b e  found  i n  ;Tegus ( 1 ? 4 ? )  
o r  i n  r e v i e w  a r t i c l e s  (P r e s sman  a n d  Kelemen, 1 9 5 5 ;  Savra- 
s h i n a ,  1 9 7 0 ) .  Only m a t e r i a l  s p e c i f i c a l l y  f rom o t h e r  s o u r c e s  
i s  r e f e r e n c e d  be low .  
V a l v u l a r  C l o s u r e  
. A s  a l r e a d y  d i s c u s s e d ,  t h e  l a r y n x ' s  b a s i c  f u n c t i o n  i s  t o  
p r o t e c t  t h e  l o ~ v e r  r e s p i r a t o r y  t r a c t .  I n  h i g h e r  s p e c i e s ,  t h i s  
f u n c t i o n  i s  d i s t r i b u t e d  o v e r  two o r  t h r e e  l e v e l s .  The 
h i g h e s t  o f  t h e s e ,  t h e  a r y e p i g l o t t i c  s p h i n c t e r ,  s e r v e s  m a i n l y  
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as a  l a t e r a l  food  c h a n n e l ,  d i v e r t i n g  l i q u i d s  a round  t h e  r e s -  
p i r a t o r y  openine; and  e x c l u d i n g  s o l i d  o b j e c t s .  /\to t h e  l o l . ~ e r  
l e v e l ,  t h e  t h y r o a r y t e n o i d  f o l d s  pe r fo rm a more e f f e c t i v e  
c l o s u r e  c a p a b l e  of  m a i n t a i n i n g  a  s i g n i f i c a n t  p r e s s u r e  d i f -  
f e r e n c e  between t h e  uppe r  and lower  r e s p i r a t o r y  s y s t e m s .  
I n  many s p e c i e s  ( i n c l u d i n g  dogs and humans),  t h e  t h y r o a r y t e -  
n o i d  f o l d  i s  s p l i t  i n t o  a  v e n t r i c u l a r  f o l d  and a  v o c a l  f o l d ,  
s e p a r a t e d  by t h e  v e n t r i c l e .  The lower  s e c t i o n ,  w i t h  f l a t  
t o p  a n d  domed bot tom,  i s  s p e c i a l i z e d  a s  a n  i n l e t  v a l v e .  The 
s u p e r i o r  s e c t i o n  i s  s p e c i a l i z e d  a s  a n  o u t l e t  v a l v e ,  w i t h  
t h e  f l a t  s i d e  below.  
R e f l e x  ' . lechanisns  
The p e r i p h e r a l  s e n s o r s  a v a i l a b l e  f o r  r e f l e x  mechanisms 
\ have  been  ment ioned  i n  t h e  p r e v i o u s  c h a p t e r .  F o r  p u r p o s e s  
0 
o f  sound p r o d u c t i o n ,  t h e r e  i s  a c o u s t i c  f e e d b a c k  a s  w e l l  as 
t h a t  f rom t o u c h  and p r e s s u r e  r e c e p t o r s  i n  t h e  mucosa,  s t r e t c h  
r e c e p t o r s  i n  t h e  m u s c l e s ,  and t e n s i o n  r e c e p t o r s  i n  t h e  
l a r y n g e a l  J o i n t s .  It a p p e a r s  t h a t  p r o p r i o c e p t i o n  from t h e s e  
l a t t e r  r e c e p t o r s  i s  r e s p o n s i b l e  f o r  c o o r d i n a t i n g  t h e  move- 
ments  o f  t h e  v a r i o u s  l a r y n g e a l  musc les  ( K i r c h n e r  and Wyke, 
1 9 6 5 ) .  Thus ,  f o r  example,  t h e r e  might  be  a  r e f l e x  a d j u s t -  
ment o f  c o n f i g u r a t i o n  f o r  t h e  sudden change o f  c o n d i t i o n s  
t h a t  o c c u r s  a t  t h e  o n s e t  o f  v o i c e  p r o d u c t ' i o n .  
The l a r y n x  behaves  a s  i f  i t s  two h a l v e s  were c o n t r o l l e d  
by a  common s o u r c e .  A l l  normal  f u n c t i o n s - o f  t h e  l a r y n x  a r e  
b i l a t e r a l ,  and i t  i s  n o t  p o s s i b l e  t o  make v o l u n t a r y  
u n i l a t e r a l  g e s t u r e s  w i t h  t h e  normal  l a r y n x .  
Growth P a t t e r n s  
The l a r y n x  o f  a c h i l d  i s  r e l a t i v e l y  h i g h  i n  t h e  ncclc 
compared t o  t h a t  o f  a d u l t s  and t h e  t h y r o i d  a n g l e  i s  more 
r o u n d e d .  The v o c a l  f o l d s  a r e  n o t  o n l y  s h o r t e r ,  b u t  a r e  p r o -  
p o r t i o n a t e l y  s m a l l e r  w i t h  r e s p e c t  t o  body, s i z e .  The i n f a n t  
g l o t t i s  i s  a l s o  r e l a t i v e l y  l o n c  compared t o  t h e  d i a m e t e r  o f  
t h e  t r a c h e a .  The a d u l t  female  g l o t t i s  i s  a b o u t  a s  l o n g  a s  
t h e  t r a c h e a l  w i d t h .  Male l a r y n g e a l  deve lopment  i s  identical 
t o  f e m a l e  u n t i l  p u b e r t y ,  when l a r g e  changes  o c c u r .  The 
v o c a l  l i g a m e n t  may as much a s  d o u b l e  i n  l e n g t h  and t h e  v o c a l  
musc le  becomes g e n e r a l l y  more m a s s i v e ,  s o  t h e  a d u l t  male  
g l o t t i s  i s  again l o n g e r  t h a n  t h e  d i a m e t e r  o f  t h e  t r a c h e a .  
The  t l l y r o i d  c a r t i l a g e  Krows fo rward  and  bgcornes more anyu-  
l a t e d .  It i s  n o t  c l e a r  whe the r  t h e  c r a c k i n g  o f  t h e  v o i c e  
w h i l e  i t  i s  c h a n g i n g  i s  due t o  i n h e r e n t  i n s t a b i l i t y  o f  t h e  
v i b r a t i o n  p ~ t t e r n s  o r  due t o  l o s s  o f  c o n t r o l .  Growth o f  t h e  
f ema le  l a r y n x  a t  p u b e r t y  i s  l e s s  d r a m a t i c  t h a n  t h a t  o f  t h e  
ma le .  
P! lys !o lo~y -- o f  t h e  R e s p i r a t o r v  System 
The r e s p i r a t o r y  sys tem h a s  been  s t u d i e d  i n  d e t a i l  from 
9 s e v e r a l  a s p e c t s .  ? lur ,cular  c o n t r o l  o f  r e s p i r a t i o n  i s  a c h i e v e d  
b y  e x p a n d i n g  and c o n t r a c t i n g  t h e  t h o r a x ,  due t o  e x p a n s i o n  o r  
c o n t r a c t i o n  o f  t h e  r i b  cage  a n d / o r  movements o f  t h e  d iaphragm 
due  t o  m u s c u l a r  a c t i v i t y  i n  t h e  d iaphragm o r  i n  t h e  abdomina l  
wal l .  When t h e  t h o r a x  expancis, p r e s s u r e  b e c o ~ e s  n e c a t i v e  and  
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t h e  l u n g s  f i l l  w i t h  a i r ,  w h i l e  p o s i t i v e  t R o r a c i c  n r e s s u r e  
t e n d s  t o  e x p e l  a i r  f r o n  t h e  l u n g s .  P r e s s u r e  i n  t h e  l u n g s  i s  
- t h e  sum of  t h e  p r e s s u r e  i n  t h e  t h o r a x  and  t h e  e l a s t i c  r e c o i l  
o f  t h e  l u n g  t i s s u e s .  Dur ing  deep  i n s p i r a t i o n ,  t h i s  r e c o i l  
p r e s s u r e  c a n  b e , a s  l a r g e  a s  30  t o  49 cm. o f  p ra te r ,  and  d u r i n g  
t h e  most e x t r e m e  t y p e s  o f  v o c a l  b e h a v i o r ,  e v e n  g r e a t e r  p r e s -  
s u r e  may be u s e d .  For  normal  s p e e c h  ( o r  v o i c e )  p r o d u c t i o n ,  
however ,  l u n g  p r e s s u r e  i s  m a i n t a i n e d  a p p r o x i m a t e l y  c o n s t a n t  
a t  v a l u e s  t y p i c a l l y  i n  t h e  r a n g e  o f  5 t o  1 9  cn .  o f  w a t e r .  
The r e s p i r a t o r y  musc le s  t h u s  t y p i c a l l y  need t o  oppose  pas -  
s i v e  d e f l a t i o n  o f  t h e  l u n g s  a t  t h e  b e g i n n i n c  o f  a l o n g  u t t e r -  
a n c e  and  s u p p o r t  d e f l a t i o n  a t  t h e  e n d . ( ~ r a p e r  -- e t  a l . ,  1 ? 5 9 ) .  
The DC aerodynamic  r e s i s t a n c e  o f  t h e  s u b g l o t t a l  t r a c t  
i s  on  t h e  o r d e r  o f  1 t o  2 cm. w a t e r  p e r  l i t e r  s e c o n d ,  and  
t h a t  of t h e  s u p r a g l o t t a l  t r a c t  i s  l e s s .  ?he a c o u s t i c  cha-  
r a c t e r i s t i c s  o f  t h e  s u p r a g l o t t a l  t r a c t  h a v e ,  o f  c o u r s e ,  been  
i n v e s t i g a t e d  i n  d e t a i l  b y  s p e e c h  s c i e n t i s t s .  The a c o u s t i c  
impedance l o o k i n g  down t h e  t r a c h e a  from t h e  g l o t t i s  h a s  been  
measured  by van  den  Berg (1959b)  and  by  I s h i z a k a  ( s e e  F a n t  
e t  a l . ,  1972). Both i n v e s t i g a t o r s  a g r e e  t h a t  t h e  s y s t e m  c a n  
-- 
b e  m o d e l l e d ,  t o  a rough  f i r s t  o r d e r ,  a s  a  u n i f o r m  t u b e  t e r -  
m i n a t i n g  i n  a l a r g e  volume a t  t h e  d i s t a l  end .  T h i s  r e s u l t  
i s  c o n s i s t e n t  w i t h  morphometr ic  measurements  o f  t h e  l u n g  
a i r w a y s  (b l e ibe l ,  1 9 6 4 ) .  IIovrever, t h e  i n v e s t i e ; a t o r s  d i s a g r e e  
a b o u t  t h e  a c o u s t i c  p r o p e r t i e s  o f  t h e  t u b e .  C u r r e n t l y ,  
I s h i z a k a l s  r e s u l t s  i n d i c a t i n g  a  f i r s t  r e s o n a n c e  a t  a b o u t  
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609 Hz. seem more t e n a b l e  t h a n  van  d e n  B e r g ' s ,  which i n d i -  
c a t e d  a  r e s o n a n c e  a t  300 IIz. Both van  d e n  B e r g ' s  and  I s h i -  
z a k a ' s  r e s u l t s  show t h a t  t h e  a c o u s t i c  impedance a t  r e s o n a n c e  
may be  1 0  t i m e s  i t s  l e v e l  a t  D C .  Acco rd ing  t o  I s h i z a k a ' s  
r e s u l t s ,  i t  may be  a s  g r e a t  as 50 a c o u s t i c  ohms. 
E l a s t i c  P r o ~ e r t i e s  o f  t h e  Voca l  L igaments  
--- 
r , leasurements o f  some o f  t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  
v o c a l  f o l d s  i n  e x c i s e d  human l a r y n x e s  have  been  r e p o r t e d  by  
va -wden  Berg  and Tan (1959)  and by I sh i za l ca  and  Raneko (1368)  
( s e e  a l s o  Kaneko -- e t  a l . ,  1 9 7 1 ) .  Van den  Berg  a p p l i e d  l o n g i -  
t u d i n a l  f o r c e s  o f  up t o  390 grams t o  t h e  v o c a l  f o l d s  and  t o  
v o c a l  l i g a m e n t s  a l o n e .  Some t y p i c a l  r e s u l t s  a r e  r e p r o d u c e d  
i n  F i g .  3-1. The a b s c i s s a s  f o r  t h e  p l o t s  o f  t h e  v o c a l  l i g a -  
. ment d a t a  were  n o r m a l i z e d  by  t h e  c r o s s  s g ~ t i o n a l  a r e a  o f  t h e  
l i g a m e n t s .  Acco rd ing  t o  van den  Berg  (1973)  t h e  i n d i r e c t l y  
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measured  c r o s s  s e c t i o n s  v a r i e d  f rom 1 . 0  t o  3 .5  mrn . The 
maximum e x t e n s i o n  was a b o u t  30 p e r  c e n t  o f  t h e  r e s t  l e n g t h ,  
and  a t  t h i s  e x t e n s i o n  t h e  l i g a m e n t s  became n o n e l a s t i c .  The 
c u r v e s  o f  e l o n g a t i o n  v e r s u s  t e n s i o n  f o r  t h e  l i g a m e n t  and'  
f o r  t h e  e n t i r e  f o l d  were r o u g h l y  s i m i l a r  o v e r  much o f  t h e  
r a n g e ,  i n d i c a t i n g  t h a t  i n  t h e  e x c i s e d  p r e p a r a t i o n  ( w i t h  no 
3 v o c a l i s  a c t i v i t y )  t h e  l i g a n e n t s  were s t i f f e r  t h a n  t h e  v o c a l  
musc l e  a n d  s u r f a c e  t i s s u e s .  
I s h i z z k a  and  Kaneko (1968)  e x e r t e d  m e d i a l l y - d i r e c t e d  
t e n s i o n  on  a t h r e a d  a t t a c h e d  t o  t h e  v o c a l  l i e a m e n t  o r  t o  

t h e  mucous nembrane  o f  a n  e x c i s e d  l a r y n x  t h a t  had  b e e n  
t r a n s e c t e d  a l o n g  t h e  m i d l i n e .  The p l o t  o f  t h e i r  r e s u l t s  i s  
r e p r o d u c e d  i n  F i g .  3-2.  T h i s  p l o t  a l s o  shows t h a t  t h e  mucous 
mcmbranc was l e s s  s t i f f  t h a n  t h e  v o c a l  l i g a m e n t .  
The v o c a l  l i g a m e n t  h a s  been  n o d e l l e d  as  a s t r i n g  u n d e r  
t e n s i o n  i n  o r d e r  t o  d e r i v e  e q u i v a l e n t  m e c h a n i c a l  c o n s t a n t s ,  
b o t h  f rom van  d e n  B e r g ' s  d a t a  ( C r y s t a l ,  1 9 6 6 )  and  f rom 
I s h i z a k a ' s  ( I s h i z a k a  and  Ganeko,  1 9 6 8 ;  Kaneko -- e t  al., 1 9 7 1 ) .  
U s i n g  t h i s  mode l ,  i t  i s  p o s s i b l e  t o  compare t h e  two s e t s . ~ ?  
d a t a .  The l o n g i t u d i n a l  t e n s i o n s  i n  I s h i z a k a ' s  e x p e r i m e n t s  
we re  e q u i v a l e n t  t o  t h o s e  i n  t h e  l e f t m o s t  r a n g e  o f  van  den  
B e r g ' s  c u r v e s .  The ra tes  o f  i n c r e a s e  o f  t e n s i o n  w i t h  t o t a l  
l e n g t h  were  a b o u t  t h e  same. 
C o n t r a c t l . o n  P r o g e r t i e s  o f  L;l.rvni-eal Y u s c l e s  
-
ah-. 
I s o m e t r i c  t e n s i o n  o f  t h e  t h y r o a r y t e n o i d  m u s c l e  h a s  b e e n  
measu red  b y  I i a s t  (1966), who found t h a t  t h e  musc l e  i n  d o g s  
was c a p a b l e  o f  e x e r t i n g  up t o  3n0 grams f o r c e .  The maximum 
i s o m e t r i c  t e n s i o n  d e v e l o p e d  a t  a g i v e n  l e n g t h  was a f u n c t i o n  
o f  t h e  l e n g t h ,  r e a c h i n g  a maximum a t  a b o u t  3Q p e r  c e n t  o v e r  
t h e  r e s t i n g  l e n g t h .  Thus ,  if van d e n  B e r g ' s  measurements  on 
d e a d  humans c a n  b e  compared t o  I Ias t l s  measu remen t s  on  l i v e  
d o g s ,  t h e  v o c a l  m u s c l e  d e v e l o p s  i t s  maximal t e n s i o n  a t  t h e  
l e n g t h  where  t h e  v o c a l  l i g a m e n t  i s  max ima l ly  s t r e t c h e d ,  and  
i t s  maximun f o r c e  i s  as g r e a t  as t h a t  , n e c e s s a r y  t o  s t r e t c h  
t h e  l i g a m e n t  t o  i t s  maximum l e n g t h .  
S e v e r a l  i n v e s t i g a t o r s  have  examined t e m p o r a l  a s p e c t s  
Elastic p r o p e r t i e s  o f  t h e  v o c a l  f o l d s .  ( from Ishizaka 
and  E a n e k o ,  1968). 
o f  c o n t r a c t i o n s  o f  t h e  l a r y n g e a l  musc l e s  i n  v a r i o u s  a n i m a l s  
( " I a r t e n s s o n  and  Skog lund ,  1 3 6 4 ;  I!ast ,  1966; H i r o s e  -- e t  a l . ,  
1969). Al though  t h e r e  a r e  some d i f f e r e n c e s  i n  t h e  d e t a i l s  
 fro^ d i f f e r e n t  i n v e s t i g a t o r s  and d i f f e r e n t  s p e c i e s ,  t h e  
f o l l o w i n g  r e s u l t s  seem g e n e r a l l y  t r u e :  
The c o n t r a c t i o n  t i m e  (measured  f rom b e g i n n i n g  t o  peak  
o f  m e c h a n i c a l  t w i t c h )  o f  t h e  t h y r o a r y t e n o i d  and l a t e r a l  
c r i c o a r y t e n o i d  m u s c l e s  - t h e  a d d u c t o r  musc l e s  -. i s  o f  t h e  
o r d e r  o f  1 5  msec.  T h a t  i s ,  t h e y  a r e  among t h e  f a s t e s t  
m u s c l e s  i n  t h e  body,  exceeded  o n l y  by t h e  musc l e s  c o n t r o l l i n g  
e y e  movements. The c r i c o t h y r o i d  and p o s t e r i o r  c r i c o a r y t e n o i d ,  
on  t h e  o t h e r  hand ,  have  c o n t r a c t i o n  t i n e s  on t h e  o r d e r  o f  
39 msec . ,  which  i s  comparab le  t o  f a s t  s k e l e t a l  m u s c l e s .  
F u s i o n  f r e q u e n c i e s  (i.e., e l e c t r i c a L s t i m u l a t i o n  r a t e s  
- - 
f o r  which  i n d i v i d u a l  t w i t c h  r e s p o n s e s  f i r s t  f u s e  i n t o  a  
s ~ o o t h  t e t a n u s )  o f  100  p e r  s econd  ( I I i r o s e  e t  a l . ,  l ? 6 9 ;  H a s t ,  
-- 
1 9 6 9 ;  74arakami and  K i r c h n e r ,  1 9 7 2 )  o r  even  s e v e r a l  t i m e s  t h a t  
(1.1artensson and  Skoglund  , 19611 ) have  been  r e p o r t e d .  ;%lever- 
t h e l e s s ,  i n v e s t i g a t o r s  who o b s e r v e d  t h e  g l o t t i s  w h i l e  st-lmu- 
l a t i n g  t h e  l a r y n g e a l  motor  n e r v e  o b s e r v e d  t h a t  a m p l i t u d e s  o f  
g l o t t a l  movements were  s m a l l  ( o r  z e r o )  a t  shock  r a t e s  e q u i -  
v a l e n t  t o  v o i c i n g  f r e q u e n c y  (and Fay.akami and K i r c h n e r  r e p o r t  
t h a t  r e f l e x  c l o s u r e  c a n n o t  f o l l o w  a t  shock  r a t . e s  above  1 0  p e r  
s e c o n d ) .  F o r  t h i s  r e a s o n ,  a s  w e l l  a s  f o r  some o t h e r  v e r y  
c o m p e l l i n g  r e a s o n s  ( g . ~ . ,  Rubin,  1 9 6 0 )  i t  i s  f e l t  t h a t  
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l I u s s o n f s  (1950) t h e s i s  o f  a c e n t r a l l y  c o n t r o l l e d  "neuro-  
chronaxlc"mechanism o f  p h o n a t i o n  can  be d i sca rc l ed .  
P h y s i o l o ~ y  and - r lechanics  o f  Voice P r o d u c t i o n  
-
Sound p r o d u c t i o n  a t  t h e  g l o t t i s  may be  due s o l e l y  t o  t h e  
f o r m a t i o n  o f  t u r b u l e n t  a i r f l o n  o r  t o  p h o n a t i o n .  T h e  f o r m e r ,  
which d o e s  n o t  r e q u i r e  any mechan ica l  v i b r a t i o n s ,  i n c l u d e s  
w h i s p e r ,  a s p i r a t i o n ,  and  v ~ h l s t l e  o r  f l u t e  r e g i s t e r ,  i n  which - 
a c c o r d i n g  t o  v a n d e n  Berg (1968) - v e r y  h i g h  p i t c h e s  a r e  pro-  
duced by e x c i t i n g  a c a v i t y  r e s o n a n c e  w i t h  t u r b u l e n c e  n o i s e  
p roduced  i n  t h e  i n t e r c a r t i l a g i n o u s  c h i n k .  Mere we a r e  more 
i n t e r e s t e d  i n  p h o n a t l o n ,  which a lways  i n v o l v e s  b o t h  mechani- 
c a l  v i b r a t i o n s  o f  t h e  v o c a l  f o . l d s  and  f l o w  o f  a i r  between 
. . 
them. 
Ey v a r y i n g  d i f f e r e n t  a d j u s t m e n t s ,  t h e  v o i c e  c a n  be p ro -  
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duced  anywhere w i t h i n  a cont inuum o f  fundamen ta l  f r e q u e n c i e s  
( o f t e n  more t h a n  t h r e e .  o c t a v e s ) ,  i n t e n s i t y  l e v e l s  ( a t  l e a s t  
30 dB a t  c o n s t a n t  fundamen ta l  f r e q u e n c y ,  measured a t  t h e  
mou th ) ,  and  q u a l i t i e s ,  and i t  i s  used  t o  d i f f e r e n t i a t e  phone- 
t i c  c a t e g o r i e s .  I-!obrever, t h e r e  a r e  c l e a r l y  d i s t i n c t  mocles 
o f  v i b r a t i o n  a s s o c i a t e d  w i t h  d i f f e r e n t  f r e q u e n c y  b a n d s ,  h a v i n g  
d i s t i n c t  a c o u s t i c  and a u d i t o r y  c o r r e l a t e s .  Chances between 
t h e s e  d i f f e r e n t  modes o f  v i b r a t i o n  are  u s u a l l y  e v i d e n t  when 
a n  un t r2 j .ned  s i n g e r  a t t e m p t s  t o  s i n g  a  s c a l e  from t h e  lor-rest  
t o  t h e  h i g h e s t  t o n e s  he can p roduce .  These  d i f f e r e n t  nodes  
a r e  c a l l e d  " r e g i s t e r s " .  
Therc  i s  much c o n f u s i o n  c o n c e r n i n g  t 3 e  number o f  d i f -  
f e r e n t  r e g i s t e r s  and t h e i r  names. T h i s  i s  due  n o t  o n l y  t o  
c o n f u s i o n  a b o u t  h o ~ :  sounds  a r e  produced  b u t  a l s o  .because  
t h e r e  i s  no g e n e r a l  agreement  w h e t h e r '  r e g i s t e r s  s h o u l d  r e -  
f e r  t o  t h e  p e r c e p t u a l  o r  a c o u s t i c  p r o p e r t i e s . o f  t h e  sounds  o r  
t h e  vray t h e y  zire p roduced .  F o r  o u r  p u r p o s e s ,  we w i l l  a t t e m p t  
t o  t r e a t  r e g i s t e r s  as p h y s i o l o g i c a l  phenomena - d i f f e r e n t  
p h y s i o l o g i c a l  s t a t e s  o f  t h e  g l o t t i s  h a v i n g  d i s t i n c t  a c o u s t i c  
and p e r c e p t u a l  c o r r e l a t e s .  
It i s  g e n e r a l l y  a g r e e d  t h a t  c h e s t  ( o r  "modal" r e ~ i s t e r  
and  f a l s e t t o  r e p r e s e n t  d i s t i n c t  modes o f  p h o n a t i o n .  Tiany 
a u t h o r s  a l s o  d i s t i n g u i s h  a  m i d - r e g i s e r  - used  e s p e c i a l l y  by 
t r a i n e d  s i n g e r s  a s  a  t r a n s i t i o n  r e g i o n  be tween  t h e  fo rmer  
two ( v a n  den  Gere;, 1 0 6 0 ) .  O the r  niodes o f  p h o n a t i o n  t h a t  
c> 
migh t  b e  r e c o g n i z e d  a s  r e g i s t e r s  a r e  b r e a t h y  v o i c e  o r  
S t r o h b a s s  and  c r e a k y  v o i c e  o r  v o c a l  f r y .  
C h e s t  Voice  ( ? b i n  o r  "Yodal" F e p i s t e r )  
-- -
Ches t  r e g i s t e r  i s  t h e  mode used  f o r  n o r r . a l  s p e a k i n g  and  
s ing ing - .  I t  t y p i c a l l y  encompasses  a  r a n g e  from 8 0  t o  300 Hz. 
n i n  a d u l t  males  o r  1 5 3  t o  6 0 0  Iiz. i n  a d u l t  f e m a l e s .  L O  p ro -  
duce  c h e s t  v o i c e ,  t h e  v o c a l  f o l d s  a r e  c o m p l e t e l y  o r  n e a r l y  
c o m p l e t e l y  a d d u c t e d  ( i n  t h e  a b s e n c e  o f  a i r f l o w )  and t h e y  a r e  
g e n e r a l l y  c o m p a r a t i v e l y  s h o r t  and t h i c k  r a t h e r  t h a n  s t r e t c h e d .  
F i g .  3-3 shows some s h o r t  e x p o s u r e  p h o t o g r a p h s  o f  t h e  
g l o t t i s  t h r o u g h o u t  one c y c l e  of  t y p i c a l  c h e s t  r e c i s t e r  
p h o n a t i o n .  The a m p l i t u d e s  o f  v i b r a t i o n  a r e  c o m p a r a t i v e l y  
FIGURE 3-3 
S h o r t  e x p o s u r e  p h o t o g r a n h s  o f  male v o c a l  folds a t  s i x  
phases i n  a g l o t t a l  c y c l e .  F u n d a m e n t a l  f r e q u e n c y  was 
153 I!z. ( f r o m  S m i t h ,  1 9 5 4 ) .  

l a r g e .  A t  i t s  w i d e s t  o p e n i n g ,  t h e  g l o t t i s  i s  t y p i c a l l y  l o z e n -  
g e s h a p e d ,  w i t h  a maximum w i d t h  as l a r g e  as  ' 4  o r  5 mm. ( F a r n s -  
2 n o r t h ,  19110) and  a  maximum a r e a  o f  a b o u t  30 mm . ( F l a n a g a n ,  
1 3 5 8 ) .  The v i b r a t i o n s  i n v o l v e  muc!~ o f  t h e  body o f  t h e  v o c a l  
f o l d  ( i . ~ . ,  - t h e  v o c a l i s  m u s c l e )  a s  w e l l  a s  t h e  l i g a m e n t ,  and  
t h e  i n t e r c a r t i l a ~ i n o u s  g l o t t i s  may a l s o  p a r t i c i p a t e  ( i . e . ,  - - t h e  
a r y t e n o i d  c a r t i l a g e  may v i b r a t e ) .  The g l o t t a l  w a l l s  a p p e a r  
t o  p e r f o r m  u n d u l a t o r y  movements, w i t h  t h e  i n f e r i o r  p a r t s  ad-  
du 'c t ing  and  a b d u c t i n g  b e f o r e  t h e  s u p e r i o r  p a r t s .  (Iqovements 
may a l s o  be nonuni form i n  t h e  l o n g i t u d i n a l  d i m e n s i o n ,  b u t  
t h i s  e f f e c t  i s  n o t  a s  c o n s i s t e n t  a s  t h e  e f f e c t  i n  t h e  v e r t i -  
c a l  d i m e n s i o n . )  The g l o t t i s  c l o s e s  f o r  a s i g n i f i c a n t  p a r t  
( a s  much a s  5 0 2 )  o f  e a c h  c y c l e .  The a i r f l o w  t h u s  p a s s e s  
t h r o u g h  t h e  g l o t t i s  i n  d i s c r e t e  p u f f s ,  o ~ p u l s e s .  
When c h e s t  r e g i s t e r  p h o n a t i o n  i s  i n i t i a t e d ,  t h e  i n i t i a l  
v i b r a t o r y  movements nay  be. in!iard,  i f  t h e  g l o t t i s  i s  i n i t i a l -  
l y  o p e n ,  o r  ou tward  i f  t h e  g l o t t i s  i s  i n i t i a l l y  c l o s e d .  D i f -  
f e r e n t  a s p e c t s  o f  t h e  mechanisms o f  f r e q u e n c y  and  i n t e n s i t y  
c o n t r o l  a r e  d i s c u s s e d  i n  more d e t a i l  be low.  I n  g e n e r a l ,  a s  
f r e q u e n c y  i s  r a i s e d  d u r i n g  s u s t a i n e d  p h o n a t i o n ,  t h e  v o c a l  
f o l d s  become l o n g e r ,  t h e  a m p l i t u d e s  o f  v i b r a t i o n  become 
s m a l l e r ,  and  t h e  r e l a t i v e  d u r a t i o n  o f  g l o t t a l  c l o s u r e  de-  
c r e a s e s .  These  c h a n g e s  a r e  due t o  t h e  a c t i v i t y  o f  v a r i o u s  
m u s c l e s .  Changes i n  f u n d a m e n t a l  f r e q u e n c y  c a n  a l s o  be  
c a u s e d  by c h a n g e s  o f  a v e r a g e  s u b ~ l o t t a l  o r  s u p r a g l o t t a l  
p r e s s u r e .  A s  i n t e n s i t y  i n c r e a s e s ,  t h e  a m p l i t u d e s  o f  v i b r a t i o n  
nay o r  may n o t  i n c r e a s e ,  b u t  t h e  d u r a t i o n  o f  g l o t t a l  c l o s u r e  
i n c r e a s e s .  These changes  a r e  p r o b a b l y  caused  by i n c r e a s e  o f  
s u b g l o t t a l  p r e s s u r e .  
F a l s e t t o  
The f r e q u e n c y  r a n g e  o f  t h e  f a l s e t t o  r e g i s t e r  i s  h i g h e r  
t h a n  t h a t  o f  t h e  c h e s t  v o i c e ,  t hough  t h e y  may o v e r l a p .  A 
t y p i c a l  r a n g e  might  be  251) t o  500 112. f o r  a d u l t  males  o r  5Qr) 
t o  1090 Hz. f o r  a d u l t  f e m a l e s .  To p roduce  f a l s e t t o ,  t h e  
v o c a l  f o l d s  a r e  s t r e t c h e d  n e a r l y  t h e i r  maximum a d d u c t e d  
l e n g t h  and  t h e y  a r e  t h u s  t h i n .  A v a i l a b l e  e v i d e n c e  s u g g e s t s  
t h a t  t h e  v o c a l  musc le  i s  k e p t  r e l a t i v e l y  r e l a x e d ,  compared 
t o  p r o d u c t i o n  o f  t h e  same f r e q u e n c i e s  i n  c h e s t  v o i c e ,  s o  t h e  
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4 l i g a m e n t  s u p p o r t s  g r e a t e r  t e n s l o n  t h a n  t h e  musc l e .  
D u r i n g  a t y p i c a l  c y c l e  of f a l s e t t o  p h o n a t i o n ,  t h e  c l o t -  
L. 
t a l  s h a p e  i s  r o u g h l y  a nar row r e c t a n g l e  and  a m p l i t u d e s  o f  
v i b r a t i o n  a r e  s m a l l .  The v i S r a t i o n s  a r e  l a r g e l y  r e s t r i c t e d  
t o  t h e  v o c a l  l i g a m e n t s  ( n o t  t h e  m u s c l e s ) ,  and t h e r e  i s  ne- 
g l i g i b l e  v e r t i c a l  p h a s e  d i f f e r e n c e .  Dur ing  t h e  c y c l e ,  t h e  
g l o t t i s  i s  c l o s e d  o n l y  b r i e f l y  i f  a t  a l l ,  and t h e  v:aveforns 
o f  g l o t t a l  a r e a  and  a i r f l o v  a r e  m o r e , n e a r l y  s i n u s o i d a l  t j a n  
p u l s a t i l e .  I n  f a l s e t t o ,  fundamen ta l  f r e q u e n c y  i s  p r o b a b l y  
c o n t r o l l e d  ma in ly  by v a r i a t i o n  of  t e n s i o n  i n  t h e  l i g a m e n t ,  
and  i l l t e n s i t y  i s  p r o b a b l y  c o n t r o l l e d  l a r g e l y  b y  v a r y i n r ;  su!~- 
O t h e ~ .  R e r i s  t e r s  
Mid-voice r e p r e s e n t s  a  mid r e g i o n  be tween  c h e s t  r e g i s t e r  
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t. and f a l s e t t o .  !Jot a l l  a u t h o r s  a g r e e  t h a t  such  a  r e g i s t e r  
e x i s t s ,  anci i f  i t  d o e s ,  i t  i s  n o t  c l e a r  how t h e  v i b r a t i o n  
p a t t e r n s  a r e  d i s t i n c t  f rom c h e s t  v o i c e .  I n  e x p e r i m e n t s  w i t h  
e x c i s e d  l a r y n x e s ,  a s  fundamen ta l  f r e q u e n c y  was r a i s e d ,  van 
den  Berg  o b s e r v e d  t v o  d i s t i n c t  b r e a k s  i n  t h e  y i b r a t i o n  
p a t t e r n s  which h e  a t t r i b u t e d  t o  r e g i s t e . r  s h i f t s  f rom c h e s t -  
t o  mid-voice  and f rom mid-voice t o  f a l s e t t o  (van  den  Derg 
and Tan,  1 9 5 3 ) .  If t h e r e  a r c  d i s t i n c t  a d j u s t m e n t s  f o r  c h e s t  
and mid r e c i s t e r s ,  i t  i s  e n t i r e l y  p o s s i b l e  t h a t  e x p e ~ i n e n t a l  
r e s u l t s  t a k e n  from p h o n a t i o n  e r r o n e o u s l y  c h a r a ~ t e r ~ z e d  as' 
c h e s t  o r  "modal" r e g i s t e r  might  have  l e d  t o  some c o n f u s i o n .  
Such a  p o s s i b i l i t y  i s  s u g g e s t e d ,  f o r  example ,  by t h e  r o r k  
f4 o f  A t k i n s o n  ( 1 9 7 3 ) ,  who found a n  a p p a r e n t l y  d i f f e r e n t  f r e -  
( quency c o n t r o l  mechanism i n  t h e  uppe r  and lower  f r e q u e n c y  
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r a n c e s  o f  t h e  s p e a k i n g  v o i c e .  
B r e a t h y  v o i c i n g ,  which i s  p r o b a b l y  s i m i l a r  t o  t h e  
" S t r o h b a s s "  d e s c r i b e d  by van den  E e r g ,  may be  a c o u s t i c a l l y  
d e s c r i b e d  by r e l a t i v e l y  lotr f u n d m e n t a l  f r e q u e n c y ,  s p e c t r a l  
d i s t r i b u t i o n  w e i g h t e d  more toward  lower  f r e q u e n c i e s  t h a n  
c h e s t  v o i c e ,  and p o s s i b l y  a  n o i s e  component.  I t , i s  produced  
w i t h  t h e  v o c a l  f o l d s  s l a c k  and w i t h  t h e  g l o t t i s  l e s s  a d d u c t -  
e d  t h a n  c h e s t  v o i c e .  The i n t e r c a r t i l a g i n o u s  g l o t t i s  may be  
c h r o n i c a l l y  o p e n ,  a s  i t  i s  when w h i s p e r  i s  p roduced .  The 
v o c a l  f o l d s  may n o t  meet a t  a l l  d u r i n g  t h e i r  v i b r a t o r y  c y c l e .  
B r e a t h y  v o i c i n ~  o c c u r s  i n  " s o f t "  v o c a l  a t t a c k .  I n  some 
l a n g u a g e s  b r e a t h y  v o i c i n g  i s  used  t o  convey p h o n e t i c  
i n f o r m a t i o n  (Ladefoged ,  1 9 6 4 ) .  
Voca l  f r y  i s  t h e  mechanism by which t h e  l o v e s t  funda-  
m e n t a l  f r e q u e n c i e s  a r e  produced (dotrn t o  20 I!z. o r  1 o ~ : e r ) .  
The p e r c e p t u a l  c o r r e l a t e  o f  v o c a l  f r y  i s  low p i t c h  and h a r s h -  
n e s s .  A c o u s t i c a l l y ,  v o c a l  t r a c t  r e s o n a n c e s  e x c i t e d  by a 
g l o t t a l  e x c i t a t i o n  d i e  o u t  b e f o r e  a  s u c c e e d i n g  e x c i t a t i o n  
o c c u r s  ( H o l l i e n  -- e t  a l . ,  1 9 6 6 ) .  The p h y s i o l o g i c a l  a d j u s t m e n t  
f o r  v o c a l  f r y  seems t o  i n v o l v e  v i r t u a l l y  unopposed c o n t r a c -  
t i o n  o f  t h e  v o c a l i s  muscle , ,  s o  t h a t  t h e  v o c a l  f o l d s  a r e  s h o r t  
and  t h i c k  a n d . f l a c c i d  (plcGlone and S h i p p ,  1 9 7 1 ) .  P o s s l b l y  
t h e  v e n t r i c u l a r  f o l d s  a l s o .  v i b r a t e .  There  a r e  tv:o p o s s i b l e  
v i b r a t r o n  p a t t e r n s  i n  t h e  v o c a l  f r y  r e g i s t e r  ( I l o l l i e n  and 
Miche l ,  1 9 6 5 ) .  I n  t h e  f i r s t ,  t h e  g l o t t i s  opens  once f o r  
o n l y  a s m a l l  p a r t  o f  each  c y c l e  - -. i . e . ,  - me a i r  seems t o  
p a s s  t h r o u g h  t h e  g l o t t i s  i n  b u b b l e s .  Timke -- e t  a l . (1959)  
have shown a n o t h e r  p a t t e r n ,  where a l t e r n a t e  g l o t t a l  c y c l e s  
d i f f e r  i n  l e n g t h ,  o r  t h e r e  a r e  two g l o t t a l  p u l s e s  p e r  c y c l e .  
I n  e i t h e r  c a s e ,  t h e  open f r i c a t i o n  i s  r e l a t i v e l y  small and 
t h e  s u b g l o t t a l  p r e s s u r e  i s  a t  l e a s t  n o t  g r e a t e r  t h a n  i n  c h e s t  
v o i c e  (McGlone and  Sh ipp ,  1 3 7 1 ) ,  s o  t h e  a i r f l o w  r a t e  i s  small. 
L i k e  b r e a t h y  v o i c i n g ,  v o c a l  f r y  might  be c o n s i d e r e d  
p a t h o l o g i c a l  i f  i t  o c c u r s  c h r o n i c a l l y .  IIowever, i t  o c c u r s  
commonly i n  E n g l i s h  speech  a t  t h e  end o f  a s e n t e n c e .  
C h e s t  Vol c e  and F a l s e t t o  i n  r.1or-e Deta i .1  
-- 
The p u r p o s e  o f  t h i . s  s e c t i o n  i s  t o  b r i e f l y  d e s c r i b e  some 
r e s u l t s  o b t a i n e d  s : i th  t h e  e x p e r i m e n t a l  t e c h n i q u e s  enumera t ed  
i n  t h e  b e g i n n i n s  of  t h i s  c h a p t e r .  
Larynfloscony,  G lo t toc ra? ! ly ,  a n d  - R a d i o c r a ~ h y  
S t r o b o s c o p i c  and  hig!l-speed f i l m s  a r e  t h e  main s o u r c e  
o f  d e s c r i p t i o n s  o f  t i le  "vertical phase  d i f f e r e n c e " .  It i s  
u s e f u l  t o  p o i n t  o u t  t h a t  t h e s e  o b s e r v a t i o n s  a r e  l i m i t e d  - 
e s p e c i a l l y  s i n c e  t h e  v iew o f  t h e  i n f e r i o r  p a r t s  o f  t h e  v o c a l  
f o l d s  i s  impeded d u r i n g  mucl~ o f  t h e  g l o t t a l  c y c l e ,  and a l s o  
s j n c e  t h e  image i s  n o t  s t e r e o s c o p i c .  These  f i l m s  shohr t h a t  
t h e  g l o t t a l  s u r f a c e s  somet imes have  a  concave  s h a p e  known 
as a  " s u l c u s "  d u r i n g  p a r t  o f  t h e  c y c l e  ( S m i t h ,  1")~). They 
a l s o  shorpr t h a t  a  t:eve p a s s e s  a c r o s s  t h e s u n c r i o r  s u r f a c e  o f  
e c a h  v o c a l  f o l d  i n  t h e  l a t e r a l  d i r e c t i o n  a f t e r  ~ l o t t a l  
! o p e n i n g  ( v a n  d e n  Be rg ,  1958). 
High speed  f i l m s  o f  v o c a l  i n i t i a t i o n  have .  shown t h a t  
t h e  i n i t i a l  a d j u s t m e n t  f rom t h e  b r e a t h i n g  p o s i t i o n  o c c u r  
o v e r  a p e r i o d  o f  t y p i c a l l y  l 5 q  msec. p r i o r  t o  t h e  i n i t i a t j o n  
o f  v i b r a t i o n s .  I n  t h i s  t y p e  o f  v o c a l  a t t a c k ,  t h e  i n i t i a l  
v i b r a t o r y  movements c a n  be i n w a r d .  G e n e r a l l y ,  c l o s u r e  d o e s  
n o t  o c c u r  i n  t h e  f i r s t  v i b r a t o r y  p e r i o d .  ??ather,  t h e  v i t , r a -  
t i o n s  b u i l d  up o v e r  a  p e r i o d  o f  s e v e r a l  c y c l e s  ( t y p i c a l l y  
11 i n  normal  a t t a c k  - b e f o r e  r e a c h i n g  s t e a d y  s t a t e ) .  
The  " g l o t t a l  a r e a "  v:aveforn d u r i n g  s t e a d y  p h o n a t i o n  h a s  
b e e n  s y s t e m a t i c a l l y  s t u d i e d  us in^ h i g h  s p e e d  f i l m s  and 
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p h o t o g l o t t o ~ r a m s .  Two u s e f u l  a b s t r a c t s  o f  t h e s e  r e c o r d s  a r e  
open q u o t i e n t  ( t h e  f r a c t i o n  o f  t h e  g l o t t a l  c y c l e  d u r i n g  which 
t h e  g l o t t i s  i s  o p e n )  and sneed  q ~ o t i e n t  ( t h e  r a t i o  o f  oDen- 
i n g  t i m e  t o  c l o s i n g  t i m e  d u r i n g  t h e  open p a r t ' o f  t h e  c y c l e ) .  
These r e s u l t s  a r e  e f f e c t i v e l y  summarized by Fonesson  ( 1 9 6 0 ) .  
Open q u o t i e n t  v a r i e s  be tween  a b o u t  0 . 4  and 1 . 0 .  It d e c r e a s e s  
w i t h  i n c r e a s i n g  i n t e n s i t y  and i n c r e a s e s  w i t h  increasing f r e -  
quency .  liovlever, open p e r i o d  ( t h e  a c t u a l  d u r a t i o n  o f  t h e  
open p a r t  o f  t h e  c y c l e )  d e c r e a s e s  w i t h  i n c r e a s i n g  f r e q u e n c y .  
Speed q u o t i e n t  v a r i e s  l e s s  s y s t e m a t i c a l l y  t h a n  open  q u o t i e n t .  
It i s  r o u g h l y  i n d e p e n d e n t  o f  f u n d a m e n t a l  f r e q u e n c y ,  b u t  i n -  
c r e a s e s  s l i g h t l y  a s  a  f u n c t j . o n  o f  i n t e n s i t y .  It i s  g e n e r a l -  
l y  n e a r  u n i t y .  
Both f i l m  s t u d i e s  and l a t e r a l  x - r a p s t u d i e s  show a  
c o r r e l a t i o n  b e t w e e n , g l o t t a l  l e n g t h  and fundamen ta l  f r e q u e n c y  
( s e e  r e v i e w  i n  Sawashirca, 1973 ;  and  a r t i c l e s  by I ! o l l i e n  and 
a s s o c i a t e s ) .  G l o t t a l  l e n g t h  g e n e r a l l y  i n c r e a s e s  a s  funda-  
m e n t a l  f r e q u e n c y  i n c r e a s e s  i n  c h e s t  r e g i s t e r  ( a l t h o u g h  t h e  
r e l a t i o n s h i p  i s  n o t  a lways  mono ton ic )  b u t  t h e r e  i s  l i t t l e  
c h a n ~ e  i n  g l o t t a l  l e n g t h  i n  f a l s e t t o .  The t o t a l  i n c r e a s e  
i n  v o c a l  f o l d  l e n p , t h  i s  a b o u t  2 5  t o  30% o f  i t s  low-frequency 
l e n g t h .  I I o l l i e n  (1360)  and E o l l i e n  and r,!oore (196rl) r e p o r t  
t h a t  t h e  g l o t t a l  l e n g t h  i n  a b d u c t e d  p o s i t i o n  ( b r e a t h i n g )  i s  
g r e a t e r  t h a n  t h e  maximum l e n g t h  d u r i n g  p h o n a t i o n .  It i s  
p o s s i b l e  t h z t  t h i s  r e s u l t  i s  a n  a r t i f a c t  o f  t h e i r  mpasure- 
ment scheme ( f rom c i n e - p h o t o g r a p h s ) ,  s i n c e  i t  d i s a c r e e s  w i t h  
t h e  r e s u l t s  o f  r a d i o g r a p h i c  neasu remen t s  ( e . ~ .  Sonn inen ,  
1 9 6 8 ) .  G l o t t a l .  l e n g t h  i s  n o t  c o r r e l a t e d  w i t h  v o c a l  i n t e n -  
s i t y  a t  'a g i v e n  f r e q u e n c y .  
1 I o l l i e n  and C o l t o n  (1963)  and I i o l l i e n  and Coleman (1970)  
s t u d i e d  c r o s s - s e c t ; i o n a l  a r e a  and v e r t i c a l  t h i c k n e s s  o f  t h e  
v o c a l  f o l d s ,  u s i n g  c o n v e n t i o n a l  and s t r o b o s c o p i c  f r o n t a l  
l aminagrams.  T h i c k n e s s  was d e f i n e d  t o  be a r e a  d i v i d e d  by 
l a t e r a l  w id th  durinp; c l o s u r e .  Thic1:ness d e c . r e a s e s  a s  fun-  
d a m e n t a l  f r e q u e n c y  i n c r e a s e s  i n  c h e s t  v o i c e  b u t  i s  rough ' ly  
c o n s t a n t  i n  f a l s e t t o ,  a s  c o u l d  be p r e d i c t e d  from t h e  l e n g t h  
d a t a .  Al though t h e  d a t a  f rom i n d i v i d u a l s  e x h i b i t  a g r e a t  
d e a l  o f  v a r i a b i l i t y ,  t h e  g roup  d a t a  s u g g e s t  t h a t  v o c a l  f o l d  
t h i c k n e s s  i s  c l o s e l y  r e l a t e d  t o  fundamen ta l  f r e q u e n c y  con- 
0 
t r o l .  I t  was o b s e r v e d  i n  a t  l e a s t , o n e  s e t  o f  g roup  d a t a  
t h a t  t h e  r e s u l t s  f o r  males  and  f e m a l e s ,  which f e l l  i n t o  
d i f f e r e n t  b u t  o v e r l a p p i n g  ranees, seemed t o  l i e  on  n e a r l y  
t h e  same c u r v e .  
V a r i o u s  technic-.ues,  i n c l u d i n g  r a d i o g r a p h i c  methods 
and measurements  w i t h  " t h y r o m e t e r s "  ( K a k i t a  and I I i k i ,  1972;  
V a n d e r s l i c e ,  1 9 6 7 )  show a g e n e r a l  c o r r e l a t i o n  between la -  
r y n x  h e i g h t  and fundamen ta l  f r equency  i n  s p e e c h  and s i n c i n e  - 
e s p e c i a l l y  f o r  u n t r a i n e d  s i n c e r s .  Sonninen  ( l 9 5 h )  a l s o  
showed t h a t  t h e r e  a r e  a n t e r i o r  movements o f  t h e  t h y r o i d  
c a r t i l a g e ,  and t h a t  most o f  t h e  movement a b o u t  t h e  c r i c o -  
t h y r o i d  j o i n t  i n v o l v e s  r o t a t i o n  o f  t h e  c r i c o i d  c a r t i l a ~ e  
6(-l 
r a t h e r  t h a n  t h e  t h y r o i d .  
E l e c  t r o r n y o ~ r a n h y  
An e a r l y  r e s u l t  o f  EL?G s t u d t e s  was t h e  o b s e r v a t i o n  t h a t  
15TIC a c t i v i t y  a s s o c i a t e d  v i t h  t h e  i n i t i a t l o n  o f  p h o n a t j  on 
p r e c e d e d  t h i s  i n i t i a t i o n  hy g e n e r a l l y  r h o r e  t h a n  1QQ m s e c . ,  
a n d  most o f t e n  350 t o  559 msec. !lore s o p h i s t i c a t e d  a n a l y s i s  
o f  FYG a c t i v i t y  d u r i n g  s p e e c h  p r o d u c t i o n  a l s o  shoved  a  d e l a y  
b e t n e e n  t h e  a c t i v i t y  o f  i n d i v i d u a l  musc l e  and  t h e i r  c o r -  
r e s p o n d i n g  e f f e c t  on  t h e  fundamen ta l  f r e q u e n c y  c o n t o u r  e q u l -  
v a l e n t  t o  t h e i r  c o n t r a c t i o n  t i m e s  ( A t k i n s o n ,  1 9 7 3 ) .  
D. summary o f  t h e  r e s u l t s  o f  E'IG s t u d i e s  rvi th  r e s p e c t  
t o  f u n d a m e n t a l  f r e q u e n c y  and  i n t e n s i t y  c o n t r o l  ( a s  w e l l  a s  
c o n t r o l  f o r  s p e e c h  g e s t u r e s )  c a n  be  found  I n  Sawashima 
( 1 9 7 0 ) .  EYCz a c t i v i t y  i n  t h e  a d e u c t o r  musc l e s  ( v o c a l i s ,  l a -  
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t e r a l  c r i c o a r y t e n o i d ,  i n t e r a r y t e n o i d )  and t h e  c r i c o t h y r o i d  
musc l e  i s  g e n e r a l l y  a s s o c i a t e d  w i t h  t h e  c o n t r o l  o f  V o i c i n g .  
F o r  s u s t a i n e d  p h o n a t i o n  i n  c h e s t  r e g i s t e r ,  a c t i v i t y  i n  a l l  
t h e s e  m u s c l e s  g e n e r a l l y  i n c r e a s e s  a s  fundamen ta l  f r e q u e n c y  
i s  i n c r e a s e d .  A t  t h e  h i g h e s t  f undamen ta l  frequencies, t h e  
p o s t e r i o r  c r i c o a r y t e n o i d  may a l s o  become a c t i v e ,  s e r v i n g  
as a t e n s o r  i n  o p p o s i t i o n  t o  t h e  c r i c o t h y r o i d .  The i n t e r -  
a r y t e n o i d  musc l e  i s  n o t  n o r m a l l y  a c t i v e  d u r i n g  s u s t a i n e d  
2 
p h o n a t i o n .  ' ; lhether t h e r e  i s  any c o r r e l a t i o n  between 1ar:yn- 
g e a l  musc l e  a c t i v i t y  w i t h  i n t e n s i t y  i s  u n c l e a r .  The  s h i f t  
f rom c h e s t  ( o r  mid-) v o i c e  t o  f a l s e t t o  a t  a  g i v e n  funda -  
m e n t a l  f r e q u e n c y  a p p e a r s  t o  be  a c c o m p l i s h e d  by  r e d u c t i o n  
o f  v o c a l i s  musc le  a c t i v i t y .  There  may be a  s m a l l  r e d u c t i o n  
i n  c r i c o t h y r o i d  a c t i v i t y ,  c o n s i s t e n t  w i t h  a d e c r e a s e d  need 
t o  oppose  v o c a l i s  t e n s i o n  i n  o r d e r  t o  m a i n t a i n  t e n s i o n  o f  
t h e  v o c a l  l i g a m e n t .  Thus,  c h e s t  v o i c e  seems t o  r e q u i r e  
t e n s i o n  o f  h o t h  t h e  v o c a l  l i g a m e n t  and  t h e  v o c a l i s  m u s c l e ,  
w h i l e  i n  f a l s e t t o  o n l y  t h e  l i g a m e n t  s h o u l d  b e  t e n s e d .  Ilovr- 
e v e r ,  t h e  f u n c t i o n  o f  v o c a l i s  t e n s i o n  i n  c h e s t  v o i c e  i s  
u n c l e a r  . 
- A s  f r e q u e n c y  i n c r e a s e s  i n  f a l s e t t o ;  c r i c o t h y r o i d  a c t i -  
v i t y  r e a c h e s  a  maximum and d o e s  n o t  i n c r e a s e  f u r t h e r .  Ex- 
t r i n s i c  musc le s  a r e  t h e n  r e s p o n s i b l e  f o r  f u r t h e r  i n c r e a s e s  
i n  f u n d a m e n t a l  f r e q u e n c y .  I n  g e n e r a l ,  t h e  e x t r i n s i c  musc- 
P 
, l e s  may be r e s p o n s i b l e  f o r  h o t h  h i g h  and low e x t r e m e s  o f  
f u n d a m e n t a l  f r e q u e n c y .  Fowever,  t h e  m e c h a n i s m  o f  t h i s  
L1 
c o n t r o l  a r e  c o n t r o v e r s i a l .  
The i s s u e  o f  how- f u n d a n e n t a l  f r e ~ ~ u e n c y  i s  lovrered i s  
a l s o  c o n t r o v e r s i a l .  The re  a r e  a t  l e a s t  f o u r  proposed  
m e c h a n i s ~ n s :  l o w e r i n g  due  t o  r e l a x a t i o n  o f  t h e  musc les  and/-  
o r  s u b ~ l o t t a l  p r e s s u r e  r e s ~ o n s i b l e  f o r  r a i s i n g  p i t c h ,  
p i t c h  l o w e r i n g  due t o  t h e  a b i l i t y  o f  c e r t a i n  i n t r i n s i c  
musc le  t o  s h o r t e n  t h e  v o c a l  f o l d s ,  l o v e r i n g  caused  by a  de-  
c r e a s e  i n  t r a n s ~ l o t t a l  p r e s s u r e  produced  b y  c o n s t r i c t i o n  
o f  t h e  s u p r a g l o t t a l  s p h i n c t e r s  ( L i n d q u i s t ,  1 9 6 ~ ;  1 9 7 1 ) ;  anc! 
r e d u c t i o n  i n  " v e r t i c a l  t e n s i o n "  o f  t h e  s u r f a c e  t i s s u e s  o f  
the v o c a l  f o l d s ,  due t o  l o w e r i n g  o f  t h e  l a r y n x  ( O h a l a ,  1 9 7 2 ) .  
O f  c o u r s e ,  a l l  o r  some o f  t h e s e  mechanisms might  o p e r a t e  
t o g e t h e r  o r  a t  d i f f e r e n t  t imes .  
Air f low and P r e s s u r e  Yeasurements 
Average s u b g l o t t a l  p r e s s u r e  d u r i n g  phonat ion  may be a s  
low as abou t  2 cm. H20 f o r  low f requency c h e s t  r e g i s t e r  
(Bouhuys et &., 1962;  Lieberman & e., 1969) and p o s s i b l y  
lower f o r  v o c a l  f r y  phona t ion  (Yurry and 'Brown, 1 9 7 1 ) .  
Minimum s u b g l o t t a l  p r e s s u r e  f o r  h i g h e r  fundamenta l  f r equen-  
c i e s  i s  g r e a t e r .  The h i g h e s t  s u b g l o t t a l . p r e s s u r e s  used  
f o r  p h o n a t i o n  are  on t h e  o r d e r  of 50 t o  60 cm. i120 (Bou- 
huys - e t  -9 a 1  1908;  van den Berg, 1962) .  During conversa- '  
t i o n a l  s p e e c h ,  s u b g l o t t a l  p r e s s u r e s  o f  5  t o  10  cm. H20 a r e  
common. 
. - 
S u b g l o t t a l  p r e s s u r e . a n d  v o c a l  i n t e n s i t y  a r e  r e l a t e d .  
I s s h i k i  (1964) found t h a t  i n t e n s i t y . v s .  s u b g l o t t a l  p r e s s u r e  
C> 
a t  c o n s t a n t  p i t c h  was roughly  p r o p o r t i o n a l  t o  t h e  3.3 povrer 
of s u b g l o t t a l  p r e s s u r e .  . Other: i n v e s t i g a t o r s  o b t a i n e d  s i m i -  
l a r  r e s u l t s  (Bouhuys - e t  -* a1 ¶ 1968; van den Berg, 1356;  
Ladefoged,  1 3 6 2 ) .  
I n c r e a s e s  i n  s u b g l o t t a l  p r e s s u r e  w i t h  o t h e r  pa ramete r s  
h e l d  c o n s t a n t  a l s o  a f f e c t  fundamental  f r equency ,  b u t  t h e r e  
i s  d i sagreement  conc,erning t h e  magnitude o f  t h i s  e f f e c t .  
Van den  Berg (1957b), Ohman and L i n d q v i s t  (19651, and Lade- 
foged (1.967) a l l  r e p o r t  exper imen t s  Jn  which s u b g l o t t a l  
p r e s s u r e  was changed r a p i d l y  by p r e s s i n g  unexpec ted ly  on 
t h e  c h e s t  o f  a  p h o n a t i n g  s u b j e c t .  The purpose o f  t5 is  
exper iment  i s  t o  remove c o n t r o l  o f  s u b g l o t t a l  p r e s s u r e  from 
t h e  s u b j e c t  and t o  r e c o r d  t h e  v o c a l  r e s p o n s e  b e f o r e  r e f l e x  
a d j u s t m e n t s  c o u l d  be  made. The r a t e s  o f  change o f  funda- 
menta l  f r equency  w i t h  r e s p e c t  t o  s u b g l o t t a l  p r e s s u r e  from 
t h e s e  exper iments  were 5 Hz./cm. H20, 1 . 5  t o  3 Az./cm. H20, 
and 5 cm. H20, r e s p e c t i v e l y .  
Lieberman -- e t  a l . (1969) a l s o  modulated t r a n s g l o t t a l  
p r e s s u r e ,  by s i n u s o i d a l l y  v a r y i n g  s u p r a g l o t t a l  p r e s s u r e .  
Changes o f  3 t o  .18 Ez ./cm. H,O were found. IIowever Hixon 
L 
e t  a l .  (1971) t r i e d  t o  r e p l i c a t e  t h e s e  exper iments  u s i n g  
--
one o f  t h e  same s u b j e c t s .  Varying e i t h e r  s u b g l o t t a l  p r e s -  
s u r e  o r  s u p r a g l o t t a l ; p r e s s u r e ,  r a t e s  o f  on ly  2-4 Hz./cn.H20 
were produced.  These r e s u l t s  were o b t a i n e d  bo th  f o r  s t e a d y  
p h o n a t i o n  and d u r i n g  t h e  p r o d u c t i o n  o f  p h o n e t i c  segments .  
Other  e s t i m a t e s  as h i g h  as 20 Ez./cm. E2Q have been r e p o r t e d  
(Lieberman, 1967), b u t  i n  t h e s e  measurements i t  i s  u n l i k e l y  
t h a t  t h e  c o n f i g u r a t i o n  of  muscle a c t i v i t y  was h e l d  c o n s t a n t  
as s u b g l o t t a l  p r e s s u r e  v a r i e d .  
Average.  a i r f l o w  r a t e s  d u r i n g  t h e  p r o d u c t i o n  o f  sus -  
t a i n e d  t o n e s  i n  c h e s t  v o i c e  a r e  g e n e r a l l y  I n  t h e  range  o f  
1 0 0  t o  200 c c . / s e c .  For low fundamental  f r e q u e n c i e s ,  a i r -  
f low r a t e  i n c r e a s e s  l l t t l e  o r  even d e c r e a s e s  as i n t e n s i t y  
I s  r a i s e d  ( I s s h i k i ,  1964) .  This  i s  due t o  t h e  f a c t  t h a t  
open q u o t i e n t  d e c r e a s e s . a s  s u b g l o t t a l  p r e s s u r e  i n c r e a s e s .  
A t  h i g h e r  fundamental  f r e q u e n c i e s ,  f low r a t e  i n c r e a s e s  w i t h  
i n t e n s i t y ' .  I n  f a l s e t t o ,  f low r a t e s  a r e  g e n e r a l l y  i n  t h e  
range  o f  5 0  t o  100 c c . / s e c . ,  and t h e y  i n c r e a s e  a lmos t  
l i n e a r l y  w i t h  s u b g l o t t a l  p r e s s u r e .  Abnormal a i r f l o w  r a t e s  
a r e  f r e q u e n t l y  a s s o c i a t e d  w i t h  l a r y n g e a l  p a t h o l o g y  and  are  
hence  a u s e f u l  d i a g n o s t i c  t o o l  ( I I i rano  et g . ,  1 9 6 8 ) .  
S u b g l o t t a l  p r e s s u r e  v a r i a t i o n s  d u r i n ~  a g l o t t a l  c y c l e  
were measured  d i r e c t l y  by van  den  Berg  ( s e e  van  d e n  Berg ,  
1 9 6 2 )  i n  a p a t i e n t  w i t h  a t r a c h e a l  s toma a n d  a normal  
l a r y n x .  Peak-to-peak v a r i a t i o n s  o f  a b o u t  1 t o  1 . 1 / 2  cm. 
H 2 0  were  r e c o r d e d .  P r e l i m i n a r y  measurements  w i t h  a min ia -  
t u r i z e d  p r e s s u r e  t r a n s d u c e r  l owered  t h r o u g h  t h e  g l o t t i s  o f  
a normal  s u b j e c t  (Xoika and  P e r k i n s ,  1968;  H i k i  -- e t  a l . ,  
1 9 7 0 )  i n d i c a t e  t h a t  t h e  peak-to-peak a m p l i t u d e s  may be  a t  
l eas t  as g r e a t  as  3 cm. H20. ' i 'he'waveforms o b t a i n e d  i n  b o t h  
s e t s  o f  measurements  showed a r i n g i n g  component a t  a f r e -  
quency  which  seems t o  c o r r e s p o n d  t o  t h e c f i r s t  s u b g l o t t a l  
r e s o n a n c e ,  as measured  by I s h i z a k a  ( s e e  F a n t  e t  a l . ,  1 9 7 2 ) .  
-- 
A similar component was n o t e d  i n  t h e  waveform o b t a i n e d  f rom 
a n  a c c e l e r o m e t e r  a t t a c h e d  t o  t h e  e x t e r n a l  s k i n  s u r f a c e  n e a r  
t h e  t r a c h e a  (Henke, 1 9 7 4 ) .  
The g l o t t a l  volume v e l o c i t y  waveforn  h a s  n e v e r  been  
measured  d i r e c t l y ,  E s t i m a t e s  o f  t h e  waveform o b t a i n e d  by 
i n v e r s e  f i l t e r i n g  ( e . g .  "athews . - -  e t  a l . ,  1961 ;  Holmes, 1'963; 
R o t h e n b e r g ,  1 9 7 3 )  show t h a t  t h e  g l o t t a l  p u l s e  i s  t y p i c a l l y  
symmet r i c  a t  low i n t e n s i t i e s  w i t h  peak f l o w  r a t e s  o f  t y p i c -  
a l l y  500 c c . / s e c .  A s  i n t e n s i t y  i s  i n c r e a s e d ,  t h e  p u l s e  
becomes skewed. I ts f a l l i n g  p h a s e  becomes more s h a r p  a n d  
s h o r t e r  t h a n  t h e  o p e n i n g  p h a s e ,  and  t h e r e  i s  a  s l o p e  d l s -  
c o n t i n u i t y  a t  t h e  end o f  t h i s  p h a s e .  
E x p e r i m e n t s  w i t h  E x c i s e d  Larynxes  and  L i v e  A n i a a l s  
--
With e x c i s e d  human l a r y n x e s ,  van  d e n  Berg  i n d e p e n d e n t l y  
c o n t r o l l e d  a i r f l o w  r a t e  and c o n f i g u r a t i o n  o f - t h e  l a r y n g e a l  
c a r t i l a g e s  t o  examine t h e i r  e f f e c t  on  p h o n a t i o n  ( v a n  d e n  
Berg  and  Tan ,  1 9 5 9 ;  van den  Be rg ,  1 9 6 0 ,  1 9 6 8 ) .  The e f f e c t  
o f  t h e s e  p a r a m e t e r s  on t h e  p r o d u c t i o n  o f  d i f f e r e n t ' r e g i s t e r s  
and  on  t h e  v a r i a t i o n  o f  v i b r a t i o n  p a t t e r n s  w i t h i n  r e g i s t e r s  
was s t u d i e d .  
I n  van  d e n  B e r g ' s  e x p e r i m e n t s ,  t h e  l a r y n x  was a t t a c h e d  
t o  a  p s e u d o s u b g l o t t a l  s y s t e m  v h i c h  s u p p l i e d  a i r  a t  r e g u -  
l a t e d  f l o w  r a t e .  ( A l l  e x p e r i m e n t s  by o t h e r  i n v e s t i g a t o r s  
w i t h  e x c i s e d  l a r y n x e s  a n d  a n i m a l s  u t i l i z i n g  a r t i f i c i a l  a i r  
0 
s u p p l i e s  a l s o  u s e d  a i r f l o w  r a t h e r  t h a n  p r e s s u r e  r e g u l a t i o n . )  
The c r i c o i d  c a r t i l . z p e ' w a s  f i x e d  t o  a r i g i d  s u ~ p o r t .  P- 
t h r e a d  a t t a c h e d  t o  t h e  t h y r o i d  n o t c h  c o u l d  e x e r t  l o n g i t u d i -  
n a l  t e n s i o n  on  t h e  v o c a l  f o l d s .  D i f f e r e n t  methods were  u s e d  
f o r  c o n t r o l l i n g  t h e  c o n f i g u r a t i o n  o f  t h e  a r y t e n o i d  c a r t i -  
l a g e s .  These  methods a r e  i l l u s t r a t e d  i n  F i g .  3-4. I n  e a r l y  
e x p e r i m e n t s ,  f rom which most o f  t h e  d e t a i l e d  r e p o r t e d  r e -  
s u l t s  were o b t a i n e d ,  t h e . a r y t e n o i d  c a r t i l a g e s  were  e i t h e r  
f i x e d  s e p a r a t e l y  w i t h  t h r e a d s  t o  t h e  r i g i d  s u p p o r t  o r  were  
c o n n e c t e d  by  a s i n g l e  t h r e a d .  Adductory  f o r c e  was a p p l i e d  
d i r e c t l y  t o  t h e  c a r t i l a g e s ,  a s  shown i n  p a r t  A o f  F i g .  3-4. 
I n  l a t e r  e x p e r i m e n t s ,  t h r e a d s  were a t t a c h e d  t o  t h e  
FIGURE 3-4 
E x p e r i m e n t a l  methods o f  van den Berg. 
A .  (from van den Berg a n d  Tan,  1959). 
B .  (from van d e n  Cerg, 1960~). 

t n t e r a r y t e n o i d  and a d d u c t o r  muscles  and were used  t o  e x e r t  
t e n s i o n  p a r a l l e l  t o  t h e  musc les ,  a s  shown i n  p a r t  B o f  t h e  
f i g u r e  . 
Van den Berg found t h a t  e x c i s e d  l a r y n x e s  c o u l d  produce  
a l l  t h e  v o c a l  r e g i s t e r s .  L o n g i t u d i n a l  t e n s i o n  o f  , t h e  v o c a l  
f o l d s  was p r i m a r i l y  r e s p o n s i b l e  f o r  d e t e r m i n i n g  t h e  r e -  
g i s t e r  and was a l s o  p r i m a r i l y  r e s p o n s i b l e  f o r  c o n t r o l l i n g  
fundamenta l  f r equency  w i t h i n  t h e  r e g i s t e r .  Although mani- 
p u l a t i o n  o f  t h e  v o c a l i s  muscle was no t  n e c e s s a r y  t o  produce  
a l l  t h e  r e g i s t e r s ,  t h e  f requency range  i n  c h e s t  and m i d  
- 
r e g i s t e r  cou ld  be i n c r e a s e d  by  compressing t h e  a l a e  o f  t h e  
- 
t h y r o i d  c a r t i l a g e .  Van den Berg a s s e r t e d  t h a t  t h i s  proce-  
d u r e ,  vrhich l i m i t e d  t h e  l a t e r a l  v i b r a t i o n s  o f  t h e  l i g a m e n t ,  
was e q u i v a l e n t  t o  t e n s i n g  t h e  muscle.  
/ 
For  c h e s t  v o i c e ,  van den Berg found minimum s u b g l o t t a l  
p r e s s u r e  l e v e l s  o f  2 t o  3  cm. H20 and minimum f low r a t e s  o f  
o n l y  30 o r  40 c c . / s e c .  For  a p p a r e n t l y  normal v o i c e  produc-  
t i o n ,  maximum f low r a t e  was 400 c c . / s e c .  and maximum sub- 
g l o t t a l  p r e s s u r e  was about  4 r l  cm. H20. F i g .  3-5 shows van 
den B e r g ' s  c u r v e s  r e l a t i n g  f low r a t e ,  s u b e l o t t a l  p r e s s u r e ,  
and fundamenta l  f r equency  f o r  a l a r y n x  p roduc ing  c h e s t  
v o i c e  as f low r a t e  n a s  v a r i e d .  V a r i a t i o n s  o f  fundamenta l  
f r equency  w i t h  s u b g l o t t a l  p r e s s u r e  were no t  l i n e a r ,  b u t  
were g e n e r a l l y  i n  t h e  r ange  o f  5 t o  8 Hz./cm. H 2 0  The 
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measurements .  
With s t r o b o s c o p i c  i l l u m i n a t i o n ,  van den  13erg no ted  t h a t  
t h e r e  were v e r t i c a l  phase d i f f e r e n c e s  i n  t h e  v i b r a t i o n s  of 
t h e  v o c a l  f o l d s .  During t h e  open p e r i o d ,  a  wave was s e e n  t o  
t r a v e l  a c r o s s  t h e  s u p e r i o r  s u r f a c e  o f  t h e  f o l d s .  Open quo- 
t i e n t  g e n e r a l l y  i n c r e a s e d  as l o n g i t u d i n a l  t e n s i o n  i n c r e a s e d ,  
b u t  d e c r e a s e d  w i t h  i n c r e a s e s  i n  f low r a t e .  The v e r t i c a l  
e x t e n t  o f  t h e  c o n t a c t i n g  a r e a  of  t h e  v o c a l  f o l d s  d u r i n g  t h e  
c- losed p e r i o d  was found t o  i n c r e a s e  from a minimum o f  a b o u t  
1 mm. t o  a maximum of about  3 .5  mm. as f low r a t e  (and hence 
s u b g l o t t a l  p r e s s u r e )  was i n c r e a s e d .  
Van den Berg no ted  some e f f e c t s  of  a c o u s t i c  c o u p l i n g  
t o  t h e  s u b g l o t t a l  t r a c t .  t h e  f i r s t  a c o u s t i c  r e s o n a n c e  
o f  t h e  t r a c t  was t o o  s h a r p ,  l a r y n x e s  were n o t  a b l e  t o  
6- 
phonate  a t  t h e  r e sonance  f r equency .  
An e x c i s e d - l a r y n x  exper iment  similar t o  van den B e r g ' s  
.was r e p o r t e d  by  Anthony (1968) .  I n  c h e s t  v o i c e  w i t h  a  l a r y n x  
p r o d u c i n g  fundamenta l  f r e q u e n c i e s  of  funda-  
men ta l  f r equency  v a r i e d  w i t h  s u b g l o t t a l  p r e s s u r e  a t  a r a t e  
o f  7 Az./cm. M20 w i t h  l o n g i t u d i n a l  t e n s i o n  h e l d  c o n s t a n t .  
Large changes o f  fundamenta l  f requency cou ld  be produced 
v a r y i n g  l o n g i t u d i n a l  t e n s i o n .  
Exc i sed  l a r y n x  exper iments  were a l s o  r e p o r t e d  by 
H i r o t o  (1366)  and by r l a t s u s h i t a  (1969) .  F la t sush i t a  s t u d i e d  
t h e  v i b r a t i o n s  w i t h  high-speed cinematography.  fie showed 
p i c t u r e s  o f  t h e  v i b r a t i o n s  from t h e  s u b g l o t t a l  a s p e c t ,  
s y s t e m s .  With e l e c t r o d e  s t i ~ u l a t i o n ,  p h o n a t i o n  i n  d i f f e r e n t  
f u n d a ~ e n t a l  f r e q u e n c i e s  c o u l d  be  produced .  S t i m u l a t i o n  o f  
t h e  c r i c o t h y r o i d  musc le  . - produced  l a r g e  changes  i n  fundamen- 
t a l  f r e q u e n c y .  S t i m u l a t i o n  o f  t h e  v o c a l  musc le  a l s o  p ro -  
duced changes  i n  fundamenta l  f r e q u e n c y ,  b u t  t h i s  e f f e c t  was 
s m a l l e r .  A l l  i n v e s t i g a t o r s  found a  l i n e a r  r e l a t i o n s h i p  
be tween s u b g l o t t a l  p r e s s u r e  and i n t e n s i t y  ( i n  d B )  s imi la r  
t o  t h a t  found f o r  normal  human p h o n a t i o n .  A l l  b u t  Rubin 
found a c o r r e l a t i o n  between fundamenta l  f r e q u e n c y  and  f l o w  
r a t e  ( s u b g l o t t a l  p r e s s u r e ) .  
C h a p t e r  'I Nodels o f  -- t h e  -- Phonatorv  Yec!~anism 
The p u r p o s e  o f  t h i s  c h a p t e r  i s  t o  d i s c u s s  t h e  d e v e l o p -  
ment o f  models  o f  t h e  phona to ry  mechanism and t o  i n d i c a t e  
t h e i r  l i m i t a t i o n s .  
The myoelas t ic -aerodynamic  t h e o r y  (van  d e n  Berg ,  1 9 5 8 )  
a c c o u n t s  f o r  t h e ' e ; e n e r a l  framerqorlc o f  t h i s  mechanism. Sub- 
g l o t t a l  p r e s s u r e  and  g l o t t a l  a i r f l o w  g i v e  r i s e  t o  ae rodyna -  
mic f o r c e s  o n  t h e  walls o f  t h e  v o c a l  f o l d s ,  s e t t i n g  them 
i n t o  v i b r a t i o n .  These  mechan ica l  v i b r a t i o n s  i n  t u r n  modu- 
l a t e  t h e  f l o w ,  chang ing  t h e  aerodynamic f o r c e s  and  p r o d u c i n g  
p e r i o d i c  a c o u s t i c  e n e r g y .  To d e s c r i b e  t h i s  mechanism i n  
d e t a i l ,  i t  i s  t h u s  n e c e s s a r y  t o  a c c o u n t  f o r  b o t h  t h e  a e r o -  
dynamic p r o p e r t i e s  o f  t h e  g l o t t i s  and  t h e  m e c h a n i c a l  p r o p e r -  
t i e s  o f  t h e  v o c a l  f o l d s .  
a 
E a r l y  m o d e l l i n g  e f f o r t s  d i d  n o t  a t t e m p t  t o  a c c o u n t  f o r  
t h e  o r i g i n  o f  t h e  v i b r a t i o n s ,  b u t  were r a t h e r  c o n c e r n e d  w i t h  
t h e  c o n t r o l  o f  f u n d a m e n t a l  f r e q u e n c y  and  i n t e n s i t y .  F o r  
example ,  Bloods a p p l i e d  t h e  t h e o r y  v i b r a t i n g  s t r i n g s ,  
e x p l a i n i n g  changes  o f  fundamen ta l  f r e q u e n c y  i n  t e r m s  o f  
m a n i p u l a t i o n  o f  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  v o c a l  " co rds" .  
The f i rs t  m e c h a n i s t i c  model was s t u d i e d  by !,legel . (1930) .  
\ legel  h y p o t h e s i z e d  a mechan ica l  sys t em c o n s i s t i n g  o f  e l a s t i c -  
a l l y  h i n g e d  m a s s e s ,  and  he  a n a l y z e d ' i t s  i n t e r a c 5 i o n  v i t h  a 
model o f  t h e  a e r o d y n a ~ i c  sys t em.  Recogn iz ing  t h a t  t h e  me- 
chanism o f  p h o n a t i o n  i n v o l v e d  mutua l  f e e d b a c k  p a t h s ,  Wegel 
s e t  up e q u a t i o n s  d e s c r i b i n g  h i s  model and  made a n  a n a l o g y  
to the theory of vacuum tube oscillators. 
Following Wegel's work, little modelling work was done 
until after the advent of high-speed cinematography. Farns- 
worth's (1940) observation that initial vibratory movements 
could be inward, and Husson's subsequent formulation of the 
neurochronaxic theory revived interest in explaining the 
mechanism of phonation. 
Development of the One-!.lass Yodel 
-----
- By modelling the glottis as a uniform rectangular ori- 
fice, as shown in Fig. it is possible to the 
form of its aerodynamic properties on the,basis of stzndard 
fluid-mechanics theory. (See, for example, Kaufman, 1963). 
The Bernoulli effect can produce negative glottal pressures. 
Resistance to static flow is generally of the form 
0 
2 
dP = RVU + Rk\j  
where, P is the pressure drop across the glottis and U is 
the volume velocity of flow through it. Rv accounts for 
'viscous losses along the length of the glottis and Rk ac- 
counts for losses from the ideal Be~noulli relations at 
the glottal junctions. In the ideal case, the Bernoulli 
pressure drop 
\ (where p is the density of air and A is the cross section- a -
/- 
e a1 area of the glottis) would occur at the junction with the 

, t r a c h e a  and t h e r e  would be  s u b s e q u e n t  r e c o v e r y  o f  t h e  same 
p r e s s u r e  d i f f e r e n c e  a t  t h e  e x i t  i n t o  t h e  v o c a l  t r a c t .  More 
p r e c i s e l y ,  however ,  t h e  p r e s s u r e  d r o p  a t  t h e  u p s t r e a m  con-  
t r a c t i o n  i s  (1 + Kc)P and t h e  r e c o v e r y  a t  t h e  downstream 3 
e x p a n s i o n  i s  (1 - Ke)Pw A t  t h e  g r a d u a l  c o n t r a c t i o n ,  t h e  
l o s s  component Kc i s  due p a r t l y  t o  t h e  f o r m a t i o n  o f  a vena  
c o n t r a c t a ,  o r  c o n s t r i c t e d  f l o w ,  s l i g h t l y  p a s t  t h e  j u n c t i o n .  
S i n c e  t h e  a p p a r e n t  c r o s s  d imens ion  o f  t h e  g l o t t i s  i s  t h u s  
r e d u c e d  a t  i t s  e n t r a n c e ,  t h e  p r e s s u r e  d r o p  i s  i n c r e a s e d  and  
t h e  a d d i t i o n a l  d r o p  i s  n o t  r e c o v e r e d  when t h e  f l o w  s u b s e -  
q u e n t l y  expands .  A t  t h e  sudden  expans1on ; the  l o s s  compo- 
n e n t  Ke a c c o u n t s  f o r  t h e  f a c t  t h a t  t h e  f l o w  c a n n o t  i m m e -  
d i a t e l y  expand and  t h a t  i t  l o s e s  e n e r g y  when i t  d o e s  s o .  
The form o f  t h e  p r e s s u r e  d i s t r i b u t i o n  i h t h u s  as s k e t c h e d  
i n  F i g .  4-2. 
Van d e n  Berg e t  -- a l . (1357)  made measurements  on  a 
p l a s t e r  model o f  t h e  l a r y n x  w i t h  a un i fo rm r e c t a n g u l a r  
g l o t t i s  o f  v a r y i n g  w i d t h .  The model was formed by making 
a  p l a s t e r  c a s t  o f  a  f u l l y  a d d u c t e d  e x c i s e d  l a r y n x ,  s e p a r a t -  
i n g  i t  a t  t h e  m i d l i n e ,  and r e c o n n e c t i n g  t h e  two h a l v e s  w i t h  
v a r y i n g - w i d t h  s p a c e r s  between them. The model t h u s  main- 
t a i n e d  some p r o p e r t i e s  o f  t h e  r e a l  l a r y n x  w h i l e  h a v i n g  a 
s i m p l i f i e d  r e p r e s e n t a t i o n  o f  t h e  g l o t t i s .  The r e s u l t s  o f  
t h e s e  e x p e r i m e n t s  showed t h a t  f l o w  t h r o u g h  t h e  g l o t t i s  was 
e s s e n t i a l l y  l a n i n a r  f o r  most g l o t t a l  w i d t h s  and  s u b g l o t t a l  

p r e s s u r e s  e n c o u n t e r e d  d u r i n c  normal  v o i c e  p r o d u c t i o n ,  and  
t h a t  t h e  v i s c o u s  r e s i s t a n c e  component,  R v ,  was w e l l  a p p r o x i -  
mated by s i m p l e  t h e o r e t i c a l  c e l c u l a t i o n s .  The k i n e t i c  l o s s  
c o e f f i c i e n t s ,  Kc and Ke were found t o  be 0 .37  and  0 .5 f l ,  
2 r e s p e c t i v e l y ,  s o  t h a t  t h e  k i n e t i c  l o s s ,  R ~ ~ U ' = ( K ~ + K ~ )  / 2~~~ 
2 
was e q u a l  t o  0 .87  p U  / 2 ~ ~  . Comparison o f  t h e  k i n e t i c  
e 
and v i s c o u s  t e r m s  i n d i c a t e d  t h a t ,  f o r  v a l u e s  o f  s u b g l o t t a l  
p r e s s u r e  i n  t h e  s p e e c h  r a n g e ,  t h e  k i n e t i c  t e r m  d o m i n a t e s  
f o r  v a l u e s  o f  g l o t t a l  w i d t h  g r e a t e r  t h a n  a b o u t  0 . 4  m m .  
The a v e r a g e  p r e s s u r e  i n  t h e  g l o t t i s  i s  t h u s  a p p a r e n t l y  ne- 
g a t i v e  u n t i l  g l o t t a l  w i d t h  becomes v e r y  s m a l l .  I l e g l e c t i n g  
t h e  v i s c o u s  t e r m ,  t h e  g l o t t a l  p r e s s u r e  1,s - 0.5PB. 
F l a n a g a n  (1958)  and  C r y s t a l  ( l a 6 6 1  a l s o  t o o k  i n t o  a c -  
c o u n t  t h e  t i m e  v a r y i n g  a s p e c t s  o f  t h e  model ,  due  t o  b o t h  
Cz 
t i m e  v a r y i n g  f l o w  and  time v a r y i n g  , g l o t t a l  volume.  Both 
i n e r t a n c e  of  g l o t t a l  a i r  and  d i s p l a c e m e n t  o f  g l o t t a l  volume 
were found  t o  b e  s i g n i f i c a n t  o n l y  f o r  v e r y  s m a l l  g l o t t a l  
w i d t h s .  Thus ,  a q u a s i s t a t i c  model was found  t o  be  a d e q u a t e  
f o r  most o f  t h e  g l o t t a l  c y c l e .  
F l a n a g a n  (1953 ,  1 9 6 8 )  u sed  t h e s e  aerodynamic  r e l a t i o n -  
s h i p s  t o  p r e d i c t  t h e  volume v e l o c i t y  waveform g i v e n  t h e  
g l o t t a l  a r e a  waveform (measured from h i g h  s p e e d  f i l m s ]  and 
t h e  v a l u e  o f  s u b g l o t t a l  p r e s s u r e .  Because o f  t h e  n o n - l i n e a r  
r e l a t i o n s h i p  be tween  g l o t t a l  a r e a  and  aerodynamic  r e s i s t a n c e ,  
t h e  g l o t t a l  volume v e l o c i t y  waveform was found  t o  b e  s h a r p e r  
t h a n  t h e  a r e a  waveform. 
The v a l u e  o f  d i f f e r e n t i a l  g l o t t a l  r e s i s t a n c e ,  
R v  + 2 R k U ,  i s  t y p i c a l l y  80-100 a c o u s t i c  ohms. F o r  maximum 
g l o t t a l  a r e a s  d u r i n g  p h o n a t i o n ,  d i f f e r e n t i a l  r e s i s t a n c e  i s  
on t h e  o r d e r  o f  30 ohms. The in ,put  impedance o f  t h e  v o c a l  
t r a c t  becomes a b o u t  t h a t  g r e a t  n e a r  i t s  f i r s t  fo rman t  f r e -  
quency .  Thus,  a c o u s t i c  i n t e r a c t i o n  between t h e  g l o t t i s  and  
t h e  v o c a l  t r a c t  was p r e d i c t e d  f o r  s p e c t r a l  components n e a r  
t h e  f i r s t  formant  f r e q u e n c y  ( C r y s t a l ,  1966;  F l a n a g a n ,  
1968). T h i s  i n t e r a c t i o n  was found t o  o f f s e t  t h e  g l o t t a l  
f l ow waveform, b u t  no rma l ly  n o t  t h e  mechan ica l  v i b r a t i o n s  
o f  t h e  f o l d s .  However, e f f e c t s  on  t h e s e  v i b r a t i o n s  c a n  be 
n o t e d  when t h e  fo rman t  f r equency  i s  r educed  t o  n e a r  t h e  
fundamen ta l  f r e q u e n c y  by h a v i n g  a s u b j e c t  phona te  i n t o  a 
t u b e ( 1 s h i z a k a  -- e t  a l . ,  1 9 6 8 ) .  
0 
Van den  Berg e t  a l .  (1957)  a s s e r t e d  t h a t  t h e r e  was 
--
l i t t l e  a c o u s t i c  e f f e c ' t  o f  t h e  s u b g l o t t a l  t r a c t .  From b o t h  
t h e o r y  and measurements (van  den  Berg, 1 ? 6 2 ) ,  peak-to-peak 
s u b g l o t t a l  p r e s s u r e  v a r i a t i o n s  d u r i n g  a g l o t t a l  c y c l e  were 
found t o  be  a b o u t  5 h f  t h e  mean s u b g l o t t a l  p r e s s u r e .  Mow- 
e v e r ,  t h e  t h e o r e t i c a l  e s t i m a t e s  were f a u l t y ,  s i n c e  t h e y  
were b a s e d  on DC r e s i s t a n c e  r a t h e r  t h a n  a c o u s t i c  impedance 
o f  t h e  s u b g l o t t a l  t r a c t .  I s h i z a k a l s  measurements o f  sub- 
g l o t t a l  impedance ( s e e  Fan t  e t  a l . ,  1972)  show t h a t  t h e  
--
magni tude  o f  t h i s  impedance can  e q u a l  t h a t  o f  t h e  g l o t t i s  
( f o r  p a r t  o f  t h e  g l o t t a l  c y c l e )  a t  f r e q u e n c i e s  n e a r  t h e  
n 
f i r s t  s u b g l o t t a l  r e s o n a n c e  f r e q u e n c y ,  s o  some a c o u s t i c  e f -  
f e c t  would be e x p e c t e d .  Yeasurements  o f  s u b g l o t t a l  p r e s s u r e  
by H i k i  e t  a l .  ( 1970)  s u g g e s t  t h a t  t h e  a m p l i t u d e  o f  t h e  
--
s u b g l o t t a l  p r e s s u r e  waveform c a n  be  a t  l e a s t  a s  g r e a t  as 
t h a t  o f  t h e  s u p r a g l o t t a l  p r e s s u r e  waveform and  may be  a 
few cm. H20. There  I s  a l s o  o t h e r  I n d i r e c t  e v i d e n c e  t h a t  
t h e  s u b g l o t t a l  f o r m a n t  i s  s t r o n g l y  e x c i t e d  a t  g l o t t a l  c l o -  
s u r e  ( f o r  example ,  Iienke, 13711). Thus,  t h e r e  may. b e  c o n s i -  
d e r a b l e  v a r i a t i o n s  i n  v e r t i c a l  f o r c e s  on t h e  v o c a l  f o l d s  
d u r i n g  t h e  g l o t t a l  c y c l e .  
A s i m p l e  one-mass model o f  t h e  v o c a l  f o l d s  was s t u d i e d  
by C r y s t a l  (1966)  and by F l a n a g a n  ( F l a n a g a n  and  L a n d g r a f ,  
1968 ;  F l a n a g a n ,  1 9 6 3 )  I n  o r d e r  t o  a c c o u n t  f o r  t h e  e f f e c t s  o f  
van  d e n  B e r g ' s  i n t r a g l o t t a l  p r e s s u r e  d i s k ~ i b u t i o n  on  t h e  
v o c a l  f o l d s .  The model o f  t h e  v o c a l  f o l d s  was a s i m p l e  me- 
c h a n i c a l  o s c i l l a t o r ,  as shown i n  F i g .  4-3. The form o f  t h i s  
model was d i c t a t e d  by a n a l y t i c  s i m p l i c i t y  and  by t h e  lac!< o f  
a b e t t e r  form.  I t  was a p p a r e n t l y  c o n s i d e r e d  t o  b e  e q u i v a -  
l e n t  t o  a  v i b r a t i n g  s t r i n g ,  a t  l e a s t  f o r  t h e  pu rpose  o f  de-  
r i v i n g  i t s  m e c h a n i c a l  c o n s t a n t s  from p h y s i o l o g i c a l  d a t a .  
To a n a l y z e  t h e  model ,  b i l a t e r a l  symmetry v a s  assumed,  
s o  t h a t  c a l c u l a t i o n s  were made f o r  o n l y  one  v o c a l  f o l d .  The 
model b a s i c a l l y  a c c o u n t s  o n l y  f o r , t h e  p a r t  o f  t h e  c y c l e  i n  
which t h e  v o c a l  f o l d s  a r e  n o t  i n  c o n t a c t .  Thus ,  C r y s t a l  
(1966)  a n a l y z e d  o n l y  t h e  open p e r i o d  o f  t h e  g l o t t a l  c y c l e .  
v o c a l  t rac t  
l u n g s  
FIGURE 4-3 
One-mass model of the larynx. ( f r o n  I s h i z a l ~ a  and 
I!atsudaira, 1968). 
Flanagan  and Landgraf  (1968) and F lanagan  (1969) deve loped  
a n  ad  -- hoc model f o r  t h e  c l o s e d  p e r i o d .  The masses were a l -  
lowed t o  move p a s t  t h e  m i d l i n e  ( 1 . e .  t o  p e n e t r a t e  i n t o  e a c h  
o t h e r ,  b u t  a t  t h e  m i d l i n e  t h e  mechan ica l  p r o p e r t i e s  were 
changed ( s t i f f n e s s  and/or  damping i n c r e a s e d ) .  T h i s  model 
o f  t h e  c o l l i s i o n  may be c o n s i d e r e d  t o  accoun t  f o r  t h e  d i s -  
s i p a t i o n  o f  ene rgy  w i t h i n  t h e  body o f  t h e  f o l d s .  
I f  t h e  q u a s i s t a t i c  aerodynamic model o f  t h e  g l o t t i s  
i s  used and i f  t h e  p e s s u r e  above and below t h e  g l o t t i s  i s  
assumed t o  b e  c o n s t a n t ,  t h e  one  mass model canno t  produce  
o s c i l l a t i o n s  u n l e s s  t h e  mechan ica l  l o s s e s  ( t h e  v i s c o u s  darcp- 
i n g )  a r e  n e g l e c t e d ,  s i n c e  t h e r e  i s  no mechanism f o r  t h e  
aerodynamic sys t em t o  p r o v i d e  energy  t o  t h e  mechan ica l  s y s -  
tem. The i n t r a g l o t t a l  p r e s s u r e ,  P i s  a f u n c t i o n o n l y  o f  g  ' L.. 
t h e  mass d i s p l a c e m e n t  x ( t ) .  The work done by t h e  p r e s s u r e  
t h r o u g h o u t  a c y c l e  i s . p r o p o r t i o n a 1  t o  f~ d x ,  t h e  a r e a  o f  
e; 
t h e  t r a j e c t o r y  o f  t h e  v i b r a t i o n s  i n  t h e  P -X p l a n e .  As l o n g  
g 
a s  P depends o n l y  on  x ,  t h i s  t r a j e c t o r y  i s  a s t r a i g h t  l i n e  
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and i t s  a r e a  i s  z e r o .  Thus, w i t h  mechan ica l  l o s s e s ,  t h e  
model canno t  o s c i l l a t e  u n l e s s  e i t h e r  dynamic g l o t t a l  e f f e c t s  
o r  a c o u s t i c  c o u p l i n g  t o  t h e  v o c a l  t r a c t  o r  s u b g l o t t a l  t r a c t  
s h i f t  t h e  P ( t )  waveform w i t h  r e s p e c t  t o  t h e  x ( t )  waveform. g 
Fur the rmore ,  even  t h e  l o s s l e s s  mechanica l  model canno t  v i -  
b r a t e  i f  i t s  a c o u s t i c  l o a d  h a s  c a p a c i t i v e  r a t h e r  t h a n  i n -  
d u c t i v e  r e a c t a n c e  ( t h a t  i s ,  i f  t h e  f i r s t  formant  f r e q u e n c y  
i s  l o w e r  t h a n  t h e  f u n d a m e n t a l  f r e q u e n c y ) .  
Development o f  t h e  Two-Yass F!odel 
---- 
The one-mass model was i n a d e q u a t e  a t  l e a s t  i n  i t s  i n -  
a b i l i t y  t o  p h o n a t e  under  a d v e r s e  a c o u s t i c  l o a d s  and a l s o  
s i n c e  i t  c o u l d  n o t  p roduce  d i f f e r e n t  r e g i s t e r s .  The model 
o f  t h e  g l o t t i s  d i d  n o t  a c c o u n t  f o r  t h e  v e r t i c a l  p h a s e  d i f -  
f e r e n c e s  known t o  o c c u r  d u r i n g  normal  p h o n a t i o n ,  a n d  t h e  
model o f  t h e  v o c a l  f o l d s  d i d  n o t  a l l o w  a d i f f e r e n t i a l  r e s -  
ponse  t o  t h e  v a r i a t i o n s  i n  p r e s s u r e  a l o n g  t h e  v e r t i c a l  
e x t e n t  o f  t h e  walls .  A more fundamen ta l  o b j e c t i o n  was 
v o i c e d  by I s h i z a k a  and  ? I a t s u d a i r a  ( 1 9 6 8 ) ,  who c h a l l e n g e d  
van  d e n  B e r g ' s  aerodynamic  model .  On t h e  b a s i s  of  f l u i d  
mechanics  t h e o r y  and  measurements  on  a r i g i d  g l o t t a l  model ,  
t h e y  a r g u e d  t h a t  t h e  l o s s ' c o m p o n e n t  Ke a t  t h e  j u n c t i o n  w i t h  
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t h e  v o c a l  t r a c t  was g i v e n  by 
where N i s  t h e  r a t i o  of g l o t t a l  a r e a  t o  t h a t  o f  t h e  v o c a l  
t r a c t .  S i n c e  N I s  small d u r i n g  p h o n a t i o n ,  t h e y  found  t h a t  
Ke was n e a r l y  u n i t y  r a t h e r  t h a n  0 .5 ,  and s o  t h e  n e g a t i v e  
g l o t t a l  p r e s s u r e  (1-Ke)PB was s m a l l e r  t h a n  p r e d i c t e d  by  van  
d e n  Berg .  
I s h i z a k a  and  M a t s u d a i r a  a r g u e d  t h a t  t h e  v e r t i c a l  p h a s e  
d i f f e r e n c e s  were a e r o d y n a m i c a l l y  s i g n i f i c a n t ,  and t h a t  a 
model i n  which mot ions  o f  t h e  s u p e r i o r  and i n f e r i o r  s e c t i o n s  
o f  t h e  v o c a l  f o l d  were o f f s e t  i n  t i m e  would n o t  o n l y  b e t t e r  
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r e p r e s e n t  t h e  s h a p e  o f  t h e  r e a l  g l o t t i s  b u t  vrould a l s o  a c -  
' 
c o u n t  f o r  t h e  mechanism o f  p h o n a t i o n .  They t h u s  c o n s i d e r e d  
a  model o f  t h e  g l o t t i s  c o n s i s t i n g  o f  two u n i f o r m  s l i t s  i n  
s e r i e s ,  as  shown i n  F i g .  4 - 4 .  The c o r r e s p o n d i n g  m e c h a n i c a l  
s y s t e m  c o n s i s t e d  o f  two s i m p l e  m e c h a n i c a l  o s c i l l a t o r s  c o u p l e d  
by a  s p r i n g .  
The s i m p l e  aerodynamic  model o f  t h e  o n e - s e c t i o n  g l o t t i s  
was e x t e n d e d  t o  t h e  t w o - s e c t i o n  model by a p p l y i n g  Ber- 
n o u l l i ' s  e q u a t i o n  w i t h o u t  l o s s e s  t o  t h e - j u n c t i o n  be tween  t h e  
s e c t i o n s .  The e q u a t i o n  f o r  aerodynamic  r e s i s t a n c e  c a n  t h e n  
b e  r e w r i t t e n  
where Rv l  and  R v 2  r e p r e s e n t  t h e  v i s c o u s  r e s i s t a n c e  o f  t h e  
L- 
i n f e r i o r  s e c t i o n  and  t h e  s u p e r i o r  s e c t i o n ,  r e s p e c t i v e l y ,  and  
Al and  A 2  a r e  t h e  c r o s s  s e c t i o n a l  a r e a s  o f  t h e  two g l o t t a l  
s e c t i o n s .  s h o u l d  n o t e d  t h a t  t h e  r e s i s t a n c e  depends  
u n e q u a l l y  on .Al  and  A 2 .  T h i s  f a c t  may e x p l a i n  why t h e  volume 
v e l o c i t y  waveforms d e r i v e d  by i n v e r s i n g  f i l t e r i n g  a r e  more 
skewed t h a n  t h o s e  o b t a i n e d  f rom c l o t t a l  a r e a  c a l c u l a t i o n s .  
" G l o t t a l  a r e a "  i s  a c t u a l l y  t h e  minimum o f  A1 ' and  A 2 ,  and  s o  
r e s i s t a n c e  may be  g r e a t e r  d u r i n g  t h e  o p e n i n g  p a r t  o f  t h e  
c y c l e  (when A 2  i s  s m a l l e r )  t h a n  d u r i n g  t h e  c l o s i n g  p a r t  o f  
t h e  c y c l e  (when Al i s s m a l l e r ) .  
If o n l y  s t a t i c  a s p e c t s  o f  t h e  aerodynamic  model a r e  
c o n s i d e r e d ,  a n d ,  a s  a f u r t h e r  s i m p l i f i c a t i o n ,  i f  v i s c o u s  
FIGURE 4-4 




t e r n s  a r e  i g n o r e d ,  t h e  p r e s s u r e ,  P 2 ,  i n t h e  s u p e r i o r  s e c t i o n  
2 2 i s  - ( l -Ke)  U / 2 A 2  and t h e  p r e s s u r e ,  P1, i n  t h e  lower  
2 2 
s e c t i o n  i s  -DU + Ke % . T h i s  l a t t e r  e q u a t i o n  shows 
-%=2A2 
t h a t  t h e r e  i s  aerodynamic c o u p l i n g  between t h e  two s e c t i o n s  
o f  t h e  g l o t t i s .  Given U ,  t h e  p r e s s u r e  P1 can  be e i t h e r  
p o s i t i v e  o r  n e g a t i v e  depend ing  on t h e  r e l a t i v e  v a l u e s  of  
A1 and  12 
2 ' 
Thus ,  t h e  I s h i z a k a  and r l a t s u d a i r a  v a l u e  f o r  Ke 
a c c o u n t s  n o t  o n l y  f o r  l e s s  aerodynamic e f f e c t  d i r e c t l y  on 
t h e  s u p e r i o r  s e c t i o n  t h a n  van  den  B e r g ' s  ( s i n c e  P2 01, 
b u t  a l s o  g r e a t e r  aerodynamic c o u p l i n g  be tween t h e  two s e c -  
t i o n s .  The a e r o d y n a n i c  f o r c e s  do  no work d i r e c t l y  on 
mass 2 .  Assuming t h a t  mass 2 l e a d s  mass 1 i n  p h a s e  d u r i n g  
v i b r a t i o n s ,  however ,  A 2  i s  s r z a l l e r  t h a n  A1 d u r i n g  t h e  open- 
i n g  p a r t  o f  t h e  c y c l e  s o  t h a t  PI i s  p o s i t i v e ,  and  A 2  i s  
U 
g r e a t e r  t h a n  A1 d u r i n g  t h e  c l o s i n g  p a r t  s o  t h a t  P1 i s  nega- 
t i v e .  Thus ,  t h e  aerodynamic sys t em s u p p l i e s  ene rgy  t o  t h e  
m e c h a n i c a l  s y s t e m  t h r o u g h  i t s  e f f e c t  on mass 1. 
The e q u a t i o n s  o f  motion of  t h e  two mass model a r e  
g i v e n  by 
where ml i s  t h e  e f f e c t i v e  mass,  rl i s  t h e  v i s c o u s  damping 
component,  kl i s  t h e  s p r i n g  s t i f f n e s s  c o n s t a n t ,  X 1 o  i s  
t h e  s p r i n g  o f f s e t  v a l u e ,  and d, i s  t h e  v e r t i c a l  t h i c k n e s s  
o f  t h e  i n f e r i o r  p a r t  o f  t h e  model. S i m i l a r l y ,  m a ,  r2 ,  k 2 ,  , 
x ~ ~ ,  and  d 2  a r e . t h e  c o r r e s p o n d i n g  p a r a m e t e r s  o f  t h e  s u p e r i o r  
p a r t ,  and kc i s  t h e  s t i f f n e s s  c o n s t a n t  o f  t h e  c o u p l i n g  
s p r i n g .  L i s  t h e  e f f e c t i v e  g l o t t a l  l e n g t h .  The d i s p l a c e -  
ments  xl and x2  a r e  measured from t h e  m i d l i n e .  (The s p r i n g s  
have been  assumed l i n e a r ,  a l t h o u g h  t h i s  a s s u n p t i o n  i s  n o t  
n e c e s s a r y ) .  
Computer s i m u l a t i o n  o f  t h e s e  e q u a t i o n s  h a s  b e e n  c a r r i e d  
o u t  b y  Dudgeon (1369)  a n d ,  u s i n g  t h e  I s h i z a k a  and  M a t s u d a i r a  
aerodynamic  model ,  by I s h i z a k a  and  F l a n a g a n  (1372) .  I n  
t h e s e  s i m u l a t i o n s ,  models o f  t h e  c l o s e d  p e r i o d  s imilar  t o  
t h o s e  o f  F l a n a g a n  and Landgraf  ( 1 9 6 8 )  and F l a n a g a n  (1969)  
were used .  These s t u d i e s  shovred t h a t  t h e  pe r fo rmance  o f  
t h e  model was r e a l i s t i c  i n  t e r m s  o f  i t s  Aependence  o n  
a c o u s t i c  l o a d .  O t h e r  c h a r a c t e r i s t i c s  t h a t  were d e t e r m i n e d  
t o  be r e a l i s t i c  were t h e  dependence  o f  fundamen ta l  f r e q u e n c y  
and  waveshapes o n  mechan ica l  c o n s t a n t s  and  s u b g l o t t a l  p r e s -  
s u r e ,  and t h e  a b i l i t y  t o  s i m u l a t e  b o t h  c h e s t  r e g i s t e r  and  
f a l s e t t o .  ( F a l s e t t o  i s  produced by making t h e  c o u p l i n g  
s t i f f n e s s ,  k c ,  v e r y  l a r g e  s o  t h a t  t h e  model i s  e s s e n t i a l l y  
a one-mass model.  ) 
Smal l  s i g n a l  a n a l y s e s  o f  t h e  two-mass model have  been  
r e p o r t e d  by 1 s h i z a l c a . a n d  p l a t s u d a i r a  (1968)  and  by S t e v e n s  
( i n  p r e p a r a t i o n ) .  S t a t i c  e q u a t i o n s  f o r  t h e  masses were 
w r i t t e n  by set tin^ t i m e  d e r i v a t i v e s  e q u a l  t o  z e r o :  
The e x p r e s s i o n  f o r  Pl i s  n o n l i n e a r  i n  xl and xg and  a l s o  
depends  on  s u b g l o t t a l  p r e s s u r e ,  Ps. These e q u a t i o n s  c a n  be  
s o l v e d  t o  y i e l d  a t  l e a s t  one s t a t i c  o p e r a t i n g  p o i n t  ( 1 . e .  
v a l u e s  o f  xl and x2 f o r  which t h e  e q u a t i o n s  a r e  s a t i s f i e d . )  
F o r  example,  if .xol = xo2 # 0 and v l s c o u s  aerodynamic 
t e r m s  a r e  i g n o r e d ,  one s o l u t i o n  o f  t h e  e q u a t i o n s  i s  a t  t h e  
r e s t i n g  p o s i t i o n .  C o n s i d e r i n g  o n l y  s m a l l  d i s p l a c e m e n t s  o f  
t h e  masses  from t h e s e  p o i n t s ,  t h e  e q u a t i o n s  were l i n e a r i z e d  
and t h e  p o w e r f u l  t e c h n i q u e s  o f  l i n e a r  sys t ems  a n a l y s i s  were 
a p p l i e d .  The model c a n  i n i t i a t e  v i b r a t i o n s  o n l y  when t h e  
s m a l l  s i g n a l  e q u a t i o n s  have a n  u n s t a b l e  c ~ o l u t i o n .  The form 
of  t h e  i n s t a b i l i t y  c a n  a l s o  be r e l a t e d  i n  a roug5  way t o  
t h e  l a r g e  s i g n a l  per formance  c h a r a c t e r i s t i c s  o f  t h e  models .  
The e f f e c t s  o f  a c o u s t i c  l o a d i n g  c a n  a l s o  be a c c o u n t e d  f o r  
i n  t h e  s m a l l  s i g n a l  e q u a t i o n s .  
I s h i z a k a  and ?!atsudaira  (1968)  showed b y  small s i g n a l  
a n a l y s i s  t h a t  t h e  o s c i l l a t i o n  c o n d i t i o n s  f o r  t h e  two mass 
model were e s s e n t i a l l y  independen t  o f  a c o u s t i c  l o a d .  Aero- 
dynamic c o u p l i n g  a p p e a r s  i n  t h e  form o f  a n  e q u i v a l e n t  s p r i n z  
w i t h  n e g a t i v e  s p r i n g  c o n s t a n t  c o u p l i n g  t h e  two masses .  Thus ,  
if one mass i s  s l i g h t l y  d i s n l a c e d  from I t s  o p e r a t i n g  p o i n t ,  
t h e  mechan ica l  c o u p l i n g  t e n d s  t o  p u l l  t h e  o t h e r  mass a l o n g  
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while the aerodynamic coupling tends to push it the other 
way. For oscillations to occur, the aerodynamic coupling 
stiffness must be greater than the mechanical coupling 
stiffness. Stevens (in prep.) notes that there are two 
possible types of unstable solutions to the small signal 
equations. In one, the displacements grow exponentially 
while in the other they oscillate within a growing envelope. 
These solutions occur in different regimes, so that the 
former produces low fundamental frequencies and can be con- 
sidered to be airflow controlled while the latter produces 
relatively higher fundamental frequencies and can be con- 
sidered to be stiffness controlled. Stevens also suggests 
that the two-mass model may be able to account for some 
aspects of laryngeal behavior during both vowels and con- 
e 
sonants in speech production. 
Discussion: Other Yodels 
The two mass model seems capable of reproducing many 
of the performance characteristics of the real larynx. The 
conclusion that the aerodynanic implications of vertical 
phase differences are an important aspect of the vibration 
mechanism is convincing. liovever , it cannot he concluded 
from these results that the particular form of either the 
aerodynamic system or the mechanical system for the two-mass 
model accurately reflects their real analogues. For 
example, Dudgeon (1969) produced realistic oscillation in 
a t\~.o-mass model with an aerodynamic system somewhat 
9 9  
d i f f e r e n t  from t h a t  o f  I s h i z a k a  and r , ?a t suda i r a .  Yore r e -  
c e n t l y  T i t z e  ( 1 Q 7 3 ,  1974)  produced o s c i l l a t i o n s  w i t h  a model 
whose mec h a n i c a l  p r o p e r t i e s  !.rere d i s t r i b u t e d  i n t o  two v e r -  
t i c a l  l e v e l s  i n  a manner d i f f e r e n t  f rom t h a t  o f  t h e  tvo-mass 
model o f  F i g .  4-.4. An impor t an t  a s p e c t  o f  T i t z e ' s  model was 
t h a t  t h e  masses  c o u l d  move b o t h  v e r t i c a l l y  and  h o r i z o n t a l l y .  
T i t z e ' s  model a l s o  e x p l i c i t l y  accoun ted  f o r  t h e  s t r i n g  p ro -  
p e r t i e s  o f  t h e  s , t r u c t u r e s  by d i s t r i b u t i n g  t h e i r  p r o p e r t i e s  
w l t h i n  s i g h t  segments  I n  t h e  longitudinal d i r e c t i o n .  
The development  o f  t h e  two-mass n o d e l  r e q u i r e d  t h e  
g e n e r a l i z a t i o n  o f  t h e  aerodynamic model o f  a o n e - s e c t i o n  
g l o t t i s  t o  two g l o t t a l  s e c t i o n s .  Although t h e  o n e - s e c t i o n  
model o f  t h e  g l o t t i s  v:as s u p p o r t e d  by p h y s i c a l  measurements ,  
no d i r e c t  t e s t  o f  t h e  e x t e n s i o n  t o  two segments  v a s  made. 
0 
S i m i l a r l y ,  development  o f  t h e  mechan ica l  sys t em h a s  been  
g u i d e d  n o r e  by a n a l y t i c  c o n s i d e r a t i o n  than '  by p h y s i c a l  f i -  
d e l i t y .  The c o r r e s p o n d e n c e  between a n a t o m i c a l  s t r u c t u r e s  
and model p a r a m e t e r s  i s  u n c l e a r .  For  example,  t h e  tb:o 
masses  i n  I s h i z a k a  and  F l a n a g a n 1 s  model a r e  c o n s i d e r e d  t o  
r e p r e s e n t  d L f f e r e n t  p a r t s  o f  t h e  v o c a l  l i g a m e n t  and  p e r h a p s  
t h e  v o c a l i s  musc le .  I n  T i t z e l s  model,  t h e s e  s t r u c t u r e s  a r e  
r e p r e s e n t e d  by one  mass, and t h e  o t h e r  mass i s  c o n s i d e r e d  
as r e p r e s e n t i n g  t h e  mucous membrane. Hi rano  (1974)  h a s  
s u g g e s t e d  t h a t  t h e  mucous membrane ought  t o  be viewed a s  a 
v i b r a t o r y  s t r u c t u r e  d i s t i n c t  i n  g e n e r a l  from t h e  e l a s t i c  
2nd muscu la r  s t r u c t u r e s .  An i m p l i c a t i o n  o f  t h i s  a s s e r t i o n  
i s  t h a t  t h e  d i s t r i b u t i o n  o f  mechan ica l  p r o p e r t i e s  o u g h t  t o  
be  mode l l ed  i n  t h e  l a t e r a l  d i r e c t i o n  a s  w e l l  as i n  t h e  v e r -  
t i c a l  d i r e c t i o n .  It  c a n  be  a rgued  t h a t  a model w i t h  l a t e r a l  
d i s t r i b u t i o n  o u g h t  t o  a t  l e a s t  be  a b l e  t o  a c c o u n t  more a c -  
c u r a t e l y  f o r  t h e  mechanisms of g l o t t a l  c l o s u r e .  
The a s s u m p t i o n  f o r  t h e  one mass model t h a t  v e r t i c a l  
f o r c e s  c a n  be  i g n o r e d  might  be  c h a l l e n g e d ,  on  t h e  b a s i s  o f  
t h e  p r e l i m i n a r y  r e s u l t s  o f  H i k i  e t  a l .  (1970 ,  r e l a t i n g  t o  
--
t h e  t i m e  v a r i a t i o n  o f  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  g l o t t i s .  
I n  t h e  e x t e n s i o n  t o  two m a s s e s ,  moreover  t h e r e  a r e  c e r t a i n -  
l y  l a r g e  v a r i a t i o n s  i n  p r e s s u r e  a c r o s s  t h e  t h i c k n e s s  o f  
mass 2 d u r i n g  a c y c l e .  S i m i l a r l y ,  t h e  a s s u m p t i o n  t h a t  v e r -  
t i c a l  movements d u r i n g  t h e  c y c l e  a r e  small migh t  a l s o  be  
c h a l l e n g e d ,  e s p e c i a l l y  on t h e  b a s i s  o f  o b s e r v a t i o n s  by 
c3 
Y.latsushi ta  ( 1 9 6 9 )  and  o t h e r s .  
I n  summary, t h e  complex two-mass model h a s  been  shown 
t o  p roduce  r e a l i s t i c  r e s u l t s ,  and  o t h e r  complex models  c a n  
p r o b a b l y  a l s o  p r o d u c e  r e a l i s t i c  r e s u l t s ,  a t  l e a s t  a s  fa r  
as some a s p e c t s  o f  t h e  b e h a v i o r  a r e  c o n c e r n e d .  It would 
t h u s  p r o b a b l y  n o t  be  u s e f u l  t o  c o n t i n u e  e x t e n d i n g  and i m -  
p r o v i n g  models  o n  t h e  b a s i s  o f  t h e o r e t i c a l  s t u d i e s  a l o n e .  
R a t h e r ,  i t  i s  more u s e f u l  t o  d e v e l o p  c o n s t r a i n t s  on t h e  
forms o f  a c c e p t a b l e  models b y  d i r e c t  p h y s i o l o g i c a l  and phy- 
s i c a l  e x p e r i m e n t s .  S i n c e  many such  e x p e r i m e n t s  c a n  o n l y  
b e  pe r fo rmed  o n  e x c i s e d  o r  a n i m a l  l a r y n x e s ,  i t  i s  wor th-  
w h i l e  t o  d e v e l o p  models  f o r  t h e s e  p r e p a r a t i o n s  s p e c i f i c a l l y  
and to test them directly against their real counterparts as 
a step toward understanding the detailed mechanisms of the 
in v i v o  human l a r y n x .  
-- 
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C h a p t e r  5 Appa ra tu s  and P r o c e d u r e s  
S o u r c e  o f  La rynxes  
La rynxes  were  e x c i s e d  w i t h i n  one  h o u r  post-mortem from 
mongre l  d o e s  w e i g h i n g  20 t o  30 Ice. The dogs  were e x p e r i m e n t -  
a l  a n i m a l s  f rom c o r o n a r y  r e s e a r c h  u n i t s  a t  Harva rd  Med ica l  
S c h o o l .  A l l  were  a n e s t h e s i z e d  and  were  i n t u b a t e d  w i t h  
e n d o t r a c h e a l  t u b e s .  Some, u sed  o n l y  as b l o o d  d o n o r s ,  were  
s a c r i f i c e d  w i t h i n  a n  h o u r  p o s t - a n e s t h e s i a .  O t h e r s  we re  u sed  
\ 
f o r  e x p e r i m e n t a l  p r o c e d u r e s  i n v o l v i n g  s u r g l c a l  impa i rmen t  
o f  t h e  c o n r o n a r y  c i r c u l a t i o n  and  s u b s e q u e n t  t r e a t m e n t  f o r  a 
d u r a t i o n  o f  4 t o  2 4  h o u r s ;  ~ h e s e  p r o c e d u r e s  d i d  n o t  ob- 
v i o u s l y  i m p a i r  t h e  l a r y n x e s .  
The l a r y n x e s  were  e x c i s e d  w i t h  some o f  t h e i r  e x t r i n s i c  
s t r u c t u r e s ,  i n c l u d i n g  a  s h o r t  s e c t i o n  o f L k r a c h e a .  After 
e x c i s i o n  and  when n o t  i n  u s e ,  t h e y  were  k e p t  i n  a  s o l u t i o n  
of  3/4 p h y s i o l o g i c a l  s a l i n e  (9 .676  NaC1) i n  a r e f r i g e r a t o r .  
The s o l u t i o n  was found  by van d e n  Berg  and Tan (lQ5P) t o  b e  
a p p r o p r i a t e  f o r  m a i n t a i n i n g  t h e  w a t e r  c o n t e n t  i n  t h e  l a r y n -  
g e a l  t i s s u e s .  
T y p i c a l  u n s t r e t c h e d  g l o t t a l  l e n g t h  f o r  t h e s e  spec imens  
was 3  cm. f rom t h e  a n t e r i o r  commissure  t o  t h e  p o s t e r i o r  
commissure ,  s t r e t c h a b l e  t o  a b o u t  3 .6  cm. O f  t h i s  l e n g t h ,  
a b o u t  1 cm. was i n t e r c a r t i l a g i n o u s  . ( i . e . . b e t w e e n  t h e  b o d i e s  
o f  t h e  a r y t e n o i d  c a r t i l a g e s ,  n o t  i n c l u d i n g  t h e  v o c a l  p ro -  
c e s s e s ) .  
Preparation of Specimens 
Preparation of the larynxes was modelled after van den 
Berg's, as described in his later publications (e.g. 1960~). 
The larynxes were first stripped of their extrinsic 
structures, except for a short section of the trachea, and 
of their ,ventricular folds. A small rigid bar was attached 
to the lamina ,of the cricoid cartilage, using several sets 
of surgical *threads which ~assed into the cartilage bu.t not 
through its internal surface. The bar was subsequently used 
to fix the cartilage to the apparatus. Three sets of 
threads were then attached to simulate the activity of the 
arytenoid muscle, the adductor muscles, and the tensor 
muscles, respectively. (Activity of the vocalis muscle can- 
not be adequately simulated.) Photographs illustrating 
U 
these attachments are shown in Fig. 5-1. 
The attachment of the.bar is best illustrated in part A 
of Fig. 5-1. Parts A and B show the attachment of the 
threads to simulate the interarytenoid muscle. After the 
muscle was freed along its lenath, loops of thread were at- 
tached at each side near the insertions into the muscular 
processes. These loops were subsequently crossed (as shown) 
and then tensed to simulate muscle activity. Attachment of 
the threads to simulate the adductors is shown in parts C 
and D of the-figure. The0lateral cricoarytenoid muscles 
were freed along their lengths, and threads were attached 
b' 
FIGURE 5-1 
P h o t o g r a p h s  I l l u s t r a t i ~ e ;  p r e p a r a t i o n  o f  t h e  Larynx .  
( A . )  L a t e r a l  a s p e c t ,  ( 3 . )  Suge ro -La te ro -Dorsa l  a s ~ e c t ,  
( C . )  L a t e r a l  a s p e c t ,  w i t h  t h y r o i d  a l a  d e f l e c t e d  showing  
a t t a c h m e n t s  t o  t h e  muscu la r  p r o c e s s ,  ( D . )  A n t e r i o r  
a s p e c t .  

a t  t h e i r  i n s e r t i o n s  i n t o  t h e  muscu la r  p r o c e s s e s , . a s  shown 
i n  p a r t  C o f  t h e  f i g u r e .  These t h r e a d s  were p a s s e d  an- 
t e r i o r l y  t h r o u c h  t h e  c r i c o t h y r o i d  s p a c e  m e d i a l  t o  t h e  c r i c o -  
t h y r o i d  musc le  and connec ted  t o  form as i l l u s t r a t e d  
i n  p a r t  D .  Ano the r  l o o p  was a t t a c h e d  t o  p u l l - o n  b o t h  s i d e s  
s i m u l t a n e o u s l y  when t e n s e d .  The r e s u l t i n g  t e n s i o n  was 
r o u g h l y  p a r a l l e l  t o  t h e  a d d u c t o r  musc le s .  F i n a l l y ,  a s  shown 
i n  p a r t  D o f  F i g .  5-1, a  s m a l l  l o o p  o f  t h r e a d  was a t t a c h e d  
a t  t h e  t h y r o i d  n o t c h .  P.ttachments t o  t h i s  l o o p  c o u l d  be  
u s e d  t o  r o t a t e  t h e  c a r t i l a g e  a b o u t  t h e  c r l c o t h y r o l d  j o i n t ,  
s i m u l a t i n g  a c t i v i t y  o f  t h e  t e n s o r  m u s c l e s .  
A p p a r a t u s  f o r  P r o d u c i n g  and % s e r v i n g  P 5 o n a t i o n  
A s c h e m a t i c  s k e t c h  o f  t h e  o v e r a l l  e x p e r i m e n t a l  s e t u p  
i s  shown i n  P i g .  5-2. A pho tog raph  i s  sl?pwn i n  F i g .  5-3. 
The a p p a r a t u s  c a n  b e  c o n v e n i e n t l y  d i s c u s s e d  i n  t h r e e  s t a g e s :  
a s u b g l o t t a l  s y s t e m  ( i h i c h  i t s e l f  c a n  be  d e s c r i b e d  i n  t h r e e  
p a r t s )  which s u p p l i e s  warm, m o i s t  a i r  t o  t h e  l a r y n x  a t  known 
p r e s s u r e  and f l o w  r a t e ,  a p p a r a t u s ' f o r  s u p p o r t i n g  t h e  l a r y n x  
and c o n t r o l l i n g  i t s  c o n f i p r a t i o n ,  a n d . a p p a r a t u s  i l l u n i n a t -  
i n g  t h e  l a r y n x  and  a i d i n g  i n  I t s  o b s e r v a t i o n .  
S u b g l o t t a l  Sys tem:  The s u b g l o t t a l  sys t em c o n s i s t s  o f  a 
r e g u l a t i o n  s t a g e ,  a warn ing  and h u m i d i f i c a t i o n  s t a g e ,  and  
f i n a l l y  a p s e u d o - s u b g l o t t a l  t r a c t .  
A i r  was o b t a i n e d  from compressed-gas  c y l i n d e r s  w i t h  
d e l i v e r y  p r e s s u r e  a d j u s t a b l e  i n  t h e  r a n g e  o f  t e n s  o f  PSI .  I n  
FIGUXE 5-2  
Schematic s k e t c h  o f  t h e  A p p a r a t u s .  
STROBOSCOPE SYNCHED 
I L I T E R  RESERVOIR 
. WARM MOIST AIR 





MICROSCOPE \ SUBGLOTTAL WINDOW 
OTlON O N L Y )  
NEEDLEPOINT AT 
CENTER O F  'ROTATION 
-ROTARY INDEXING T A B L E  
(x: y; AND ROTARY MOTION) 
FIGURE 5-3 
. Photograph  o f  t h e  a p p a r a t u s .  
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e a r l y  e x p e r i m e n t s ,  t h e  a i r  was t h e n  p a s s e d  t h r o u g h  a con- 
s t r i c t i o n  w i t h  aerodynamic  r e s i s t a n c e  much g r e a t e r  t h a n  t h a t  
o f  t h e  l a r y n x .  A s  a  r e s u l t ,  t h e  s y s t e m  d e l i v e r e d  a i r  a t  
r e g u l a t e d  f l o l , ~  r a t e  p r o p o r t i o n a l  t o  t h e  r e g u l a t o r  d e l i v e r y  
p r e s s u r e .  The f l o w  r a t e  was mon i to red  u s i n g  a  f l o a t i n g - b a l l  
f l owmete r  i n  l i n e  w i t h  t h i s  sys t em.  A l l  p r e v i o u s l y  pub- 
l i s h e d  e x c i s e d - l a r y n x  work h a s  employed similar f l o w r a t e  
s o u r c e s .  I n  most o f  t h e  e x ~ e r l r n e n t s  r e p o r t e d  h e r e ,  a n  
a t t e m p t  was made t o  b e t t e r  s i m u l a t e  t h e  human s u b g l o t t a l  
s y s t e m  by r e g u l a t i n g  s u b g l o t t a l  p r e s s u r e  i n s t e a d  o f  f l ow 
r a t e .  A low p r e s s u r e  l i n e  r e g u l a t o r  ( 0  - 40 cm. H 2 0 )  r e -  
p l a c e d  t h e  a i r w a y  c o n s t r i c t i o n .  The r e g u l a t o r  (Matheson 
model 70B) was m o d i f i e d  t o  r e d u c e  i t s  s o u r c e  r e s i s t a n c e .  
However, t h e  e f f e c t i v e  s o u r c e  r e s i s t a n c e  was s t i l l  r o u g h l y  
C> 
7 t o  1 0  cm. H20 p e r  l i t e r  p e r  s e c o n d - f o r  j u s t  t h e  r e g u l a t o r .  
I n  a d d i t i o n ,  t h e  r e s t  o f  t h e  s u b g l o t t a l  sys t em a d d s  more 
r e s i s t a n c e ,  s o  t h a t  t h e  t o t a l  e f f e c t i v e  r e s i s t a n c e  o f  t h e  
s u b g l o t t a l  t r a c t  was 1 5  t o  20 cm. H20 p e r  l i t e r  p e r  s e c o n d ,  
o r  r o u g h l y  t e n  t i m e s  t h a t  of  t h e  human s u b g l o t t a l  t r a c t .  
I n  t h e  f l o w - r e g u l a t o r  sys t em,  warming and h u m i d i f y i n g  
t h e  a i r  was accompl i shed  by b u b b l i n g  i t  t h r o u g h  w a r m  w a t e r .  
From t h i s  s t a g e ,  t h e  a i r  was p a s s e d  t h r o u g h  a l a r g e  r e s e r -  
v o i r  ( a  m o d i f i e d  p r e s s u r e  c o o k e r )  which s e r v e d  t o  smooth oct 
L. 
t h e  f l o w .  I t  was a l s o  u s e f u l  fo ' r  a t t a c h i n g  a  manometer t o  
m o n i t o r  a v e r a g e  s u b g l o t t a l  p r e s s u r e ,  and a t h e r m i s t o r  t o  
m o n i t o r  t e m p e r a t u r e .  I n  t h e  p r e s s u r e - r e g u l a t d r  s y s t e m ,  w a r m -  
c o o k e r  i t s e l f  t o  r e d u c e  t h e  r e s i s t a n c e  a s s o c i d t e d  w i t h  t h i s  
i n g  and  h u m d i f i e a $ i o n  was accompl i shed  i n  t h e  
s t a g e .  The a i r  was v e n t e d  t h r o u g h  f i l t e r  f l o d s  which was 
p r e s s u r e  
mo i s t ened  by warm w a t e r  a t  t h e  b a s e  o f  t h e  r e d e r v o i r .  From 
t h e  r e s e r v o i r ,  t h e  a i r  p a s s e d  t h r o u g h  a l o n g  
t u b i n g  t o  t h e  p s e u d o s u b g l o t t a l  t r a c t .  1 
I n  a d d i t i o n . t o  t h e  c o n d i t i o n i n g  o f  t h e  s d p p l i e d  a i r ,  
s t e p s  were t a k e n  t o  keep  t h e  e n t i r e  room a s  w a r m  and a s ,  
a humid as p o s s i b l e .  As n o t e d  by van den  Berg  nd Tan ( 1 9 5 9 ) ,  
t h e s e  c o n d i t i o n s  were n e c e s s a r y  t o  p r e v e n t  t h 4  l a r y n x e s  from 
d r y i n g  o u t ,  t h u s  i m p a i r i n g  t h e i r  f u n c t i o n .  I 
s u r e  c o o k e r  i n t o  a 1 l i t e r  r e s e r v o i r ,  v h l c h  r + u g h l y  s i m u l a t e s  
The p s e u d o s u b g l o t t a l  t r a c t  i s  i l l u s t r a t e d  i n  F i g s .  5-2 
t h e  
and  5-3. A i r  a r r i v e s  t h r o u g h  t h e  l o n g  t u b i n g  
u? 
a c o u s t i c a l  
f rom t h e  p r e s -  
e f f e c t s -  t h e  l u n g s .  r e l a t i v e l y  
l a r g e  volume t e r m i n a t i o n  t o  t h e  t r a c t  f rom t h e  g l o t t i s ) .  I t  
p a s s e s  t h r o u g h  s e c t i o n  i n c h  t u b i n g ,  s i m u l a t i n g  
p a r t  o f  t h e  t r a c h e o b r o n c h l a l  t r e e ,  t o  t h e  s u b g l o t t a l  f i t t i n g .  
The s u b g l o t t a l  f i t t i n g  i s  f a s h i o n e d  from a b r a s s  " t e e " ,  
one  o p e n i n g  o f  which i s  s e a l e d  by a n  o p t i c a l  g l a s s  1~11ndow f o r  
v i e w i n g  t h e  p h o n a t i n g  l a r y n x  from t h e  s u b g l o t t a l  a s p e c t .  The 
f i t t i n g  h a s  an  i n t e r n a l  d i a m e t e r  o f  1 /2  i n c h  a t  i t s  n a r r o w e s t  
L 
p o i n t ,  s o  i t  does  n o t  s i g n i f i c a n t l y  c o n s t r i c t  t h e  a i r w a y .  
A t  t h e  f l ow r a t e s  o f  i n t e r e s t ,  t h e  bend . shou ld  a l s o  n o t  
s i g n i f i c a n t l y  a f f e c t  t h e  a i r f l o w  p a t t e r n s  a t  t h e  g l o t t i s .  
The e n t i r e  t r a c t  from t h e  p r e s s u r e  cooke r  t o  t h e  l a r y n x  
i s  h e a t e d  u s i n g  l o o s e l y  wrapped nichrorne w i r e  i n  o r d e r  t o  
minimize c o n d e n s a t i o n  and p r e v e n t  f o g g i n g ' o f  t h e  s u b g l o t t a l  
window. 
The s e c t i o n  o f  t r a c h e a  a t t a c h e d  t o  t h e  l a r y n x  i s  con- 
n e c t e d  t o  t h e  s u b g l o t t a l  f i t t i n g  u s i n g  a n  a d j u s t a b l e  h o s e  
clamp. The e n t i r e  l e n g t h  o f  t h e  t r a c t  from t h e  open ing  
o f  t h e  1 l i t e r  r e s e r v o i r  t o  t h e  g l o t t i s  i s  t h e n  r o u g h l y  . 
2 5  cm. The sys t em was found t o  have a  f i r s t  r e s o n a n c e  a t  
a b o u t  400 H e r t z  w i t h  t h e  c l o t t i s  c l o s e d .  
C o n t r o l  o f  Larvnxes ' Confi,cruration: The ' a p p a r a t u s  f o r  
s u p p o r t i n g  and c o n t r o l l i n g  t h e  l a r y n x  i s  i l l u s t r a t e d  i n  
F i g s .  5-2 and 5-3. The b a r  a t t a c h e d  t o  t he  c r i c o i d  c a r t i -  
l a g e  was clamped a t  a n  a d j u s t a b l e  h e i g h t  and a n g l e  below 
t h e  s u b g l o t t a l  f i t t i n g .  The l a r y n x e s  were s u p p o r t e d  i n  a 
h o r i z o n t a l  p o s i t i o n  s o  t h a t  o b s e r v a t i o n s  cou ld  be e a s i l y  
made from b o t h  t h e  s u p r a g l o t t a l  and s u b g l o t t a l  a s p e c t s .  
They were a u p p o r t e d  w i t h  t h e  a n t e r i o r  s u r f a c e  up f o r  s e v e r a l  
r e a s o n s  : t h i s . : o r i e n t a t i o n  s i m p l i f i e s  c o n t r o l  o f  t h e  t h r e a d s ,  
causes most o f  t h e  c o n d e n s a t i o n  t o  e x i t  t h r o u g h  t h e  i n t e r -  
a r y t e n o i d  s p a c e  r a t h e r  t h a n  t h e  membranous g l o t t i s ,  and i s  
t h e  o r i e n t a t i o n  t h a t  would be used  f o r  i n - v i v o  e x p e r i m e n t s .  
-- 
L '  
A d j u s t a b l e  t e n s i o n  was a p p l i e d  t o  t h e  i n t e r a r y t e n o i d  
and a d d u c t o r  t h r e a d s  u s i n g  s p r i n g s  a t t a c h e d  t o  t h r e a d e d  
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r o d s .  These  c o u l d  be a t t a c h e d  t o  t h e  a p p a r a t u s  a t  v a r i o u s  
l o c a t i o n s  t o  change  t h e  a n g l e s  a t  which t h e  t e n s i o n s  were  
a p p l i e d .  I n  t h e  e a r l y  e x p e r i m e n t s ,  a s imilar  scheme was 
u s e d  t o  a p p l y  t e n s i o n  t o  t h e  t e n s o r  t h r e a d .  However, f o r  
most o f  t h e  e x p e r i m e n t s  d e s c r i b e d  h e r e ,  a r i g i d  r o d  was 
u s e d  t o  f i x  t h e  t h y r o i d  c a r t i l a g e  w i t h  r e s p e c t  t o  t h e  ap- 
p a r a t u s ,  and  t h e  c a r t i l a g e  was a t t a c h e d  t o  t h e  r o d  u s i n g  
a n  e l a s t i c  band a t t a c h e d  t o  t h e  l o o p  o f  t h r e a d .  
A s  shown i n  t h e  f i g u r s ,  t h e  a p p a r a t u s  f o r  s u p p o r t i n g  
t h e  l a r y n x ,  t h e  s u b g l o t t a l  f i t t i n g ,  and  t h e  t e n s i o n  p ro -  
d u c t i o n  a p p a r a t u s  was s u p p o r t e d  be tween  two r o d s  which were  
d e s i g n e d  t o  min imize  v i b r a t i o n s  o r  f l o w s .  The res t  o f  t h e  
a p p a r a t u s  w i t h  e x t e r n a l  a t t a c h m e n t s  ( t h e  1 l i t e r  r e s e r v o i r  
a n d  e l e c t r i c a l  equ ipment  w i t h  c a b l e s )  w a z  mounted o n  a 
s e p a r a t e  s e t  o f  r o d s  which were most f l e x i b l e .  
O b s e r v a t i o n  o f  ~ h o n a t j o n :  The s u p p o r t  a p p a r a t u s  was 
mounted on  a n  aluminum d i s k  on t h e  t o p  o f  a . r o t a r y  i n d e x i n g  
t a b l e .  The t a b l e t o p  c o u l d  be  t r a n s l a t e d  a l o n g  two h o r i z o n t -  
a l  r e c t a n g u l a r  a x e s  and r o t a t e d ,  s o  t h a t  o b s e r v a t i o n s  c o u l d  
b e  made f rom any a s p e c t .  (The t u b i n g  f rom t h e  p r e s s u r e  
c o o k e r  t o  t h e  1 l i t e r  r e s e r v o i r  was l o n g  e n o u ~ h  t o  a l l o w  
t h i s  r o t a t i o n . )  O b s e r v a t i o n  was made e i t h e r  w i t h  t h e  naked 
e y e  o r  t h r o u g h  a n  American O p t i c a l  s t e r e o  m i c r o s c o p e ,  which 
had nomina l  i n c h  work ing  d i s t a n c e  a n d  a v a i l a b l e  magni- 
f i c a t i o n  o f  1 0 ,  2 0 ,  and  40 t i m e s .  The m i c r o s c o p e ' s  work ing  
d i s t a n c e  was s u f f i c i e n t l y  l o n g  t o  f o c u s  on t h e  v o c a l  f o l d s  
t h r o u g h  t h e  s u b g l o t t a l  vrindow. 
A s  shobm i n  F i g s .  5-2 and 5-3, t h e  l a r y n x e s  were il- 
l u m i n a t e d  from t h e  a n t e r i o r - s u p e r i o r  a s p e c t  by a G e n e r a l  
Radio model 1531A s t r o b o s c o p e  suspended above t h e  spec imen.  
A m i r r o r  s u r f a c e  was p l a c e d  below and i n  f r o n t  o f  t h e  
l a r y n x  t o  r e f l e c t  t h i s  l i g h t  back t o  t h e  a n t e r i o r  p a r t s  o f  
t h e  g l o t t i s  (even  when i t  vras c l o s e d )  t o  i l l u n i n a t e  t h e  
s u b g l o t t a l  s p a c e .  The s t r o b o s c o p e  c o u l d  be o p e r a t e d  a syn-  
c h r o n o u s l y ,  t o  show t h e  v i b r a t i o n s  i n  a p p a r e n t  s low m o t i o n ,  
o r  s y n c h r o n o u s l y ,  t o  s t o p  t h e  mot ion  a t  an  a r b i t r a r y  phase  
I n  t h e  g l o t t a l  c y c l e .  T h i s  mode i s  d e s c r i b e d  below. 
A Sanborn p h y s i o l o g i c a l  p r e s s u r e  t r a n s d u c e r  (model.  
2 6 8 ~ )  was coup led  t o  t h e  s u b g l o t t a l  t r a c L  r o u g h l y  19 cm. 
from t h e  g l o t t i s  u s i n g  a 1 6  gauge h y p o d e r m l c ' n e e d l e .  T h i s  
s y s t e m  had a l i m i t e d  f r equency  r e s p o n s e  ( t o  a b o u t  300 H z . )  
s imi lar  t o  t h o s e  r e p o r t e d  by Edmonds e t . a l  (1971) .  It was 
--
used  t o  d e r i v e  a s i g n a l  r e l a t e d  t o  t h e  s u b g l o t t a l  p r e s s u r e  
waveform. For  some e x p e r i m e n t s ,  a wea the rp roofed  m i n i a t u r e  
e l e c t r e t  microphone (Thermoelec t ron  model 5336CX), which 
had a f l a t  f r e q u e n c y  r e s p o n s e  t h r o u g h o u t  t h e  a u d i o  r a n g e  
and a dynamic r a n g e  up t o  150 dB SPL, was a l s o  mounted 
a b o u t  1 0  c n .  f rom t h e  g l o t t i s .  ( T h i s  t r a n s d u c e r  proved  t o  
be  i n a d e q u a t e l y  wea the rp roofed  f o r  t h i s  a p p l i c a t i o n .  A 
bonded s t r a i n  gauge t r a n s d u c e r  f o r  wideband m o n i t o r i n g  o f  
s u b g l o t t a l  p r e s s u r e  would pe r fo rm S e t t e r . )  The o u t p u t  o f  
( 
one  o f  t h e  p r e s s u r e  t r a n s d u c e r s  was used  t o  t r i g g e r  a Tek- 
t r o n i x  model 5 3 2  o s c i l l o s c o p e ,  which d i s p l a y e d  t h e  waveform. 
The o s c i l l o s c o p e  h a s  a d e l a y e d  sweep mode vr i th  d e l a y  con- 
t r o l l e d  by a p a n e l  d i a l .  T h i s  f e a t u r e  was used  t o  g e n e r a t e  
a t r i g g e r  p u l s e  a t  a n  a d j u s t a b l e  d e l a y ,  which was m o n i t o r e d  
o n  t h e  s c o p e  f a c e .  T h i s  p u l s e  was u s e d  t o  t r i g g e r  t h e  
s t r o b o s c o p e  a t  t h e  d e s i r e d  p h a s e .  The t r i g g e r  o u t p u t  o f  t h e  
o s c i l l o s c o p e  was a l s o  i n p u t  t o  a f r e q u e n c y  c o u n t e r  which 
was u s e d  t o  measure  fundamen ta l  f r e q u e n c y .  T h i s  method o f  . 
m e a s u r i n g  f u n d a m e n t a l  f r e q u e n c y  p r o v i d e d  v i s u a l  c o n f i r m a t i o n  
t h a t  no t r i g g e r s  were  mi s sed  and no f a l s e  t r i g g e r s  were  
i n c l u d e d  i n  t h e  c o u n t .  
F i g u r e  5-4 shows p h o t o g r a p h s  a t  e i g h t  p h a s e  i n c r e m e n t s  
o f  a t y p i c a l  c y c l e  o f  p h o n a t i o n  f rom t h e , q u p r a g l o t t a l  and  
s u b g l o t t a l  a s p e c t s .  These p h o t o g r a p h s  were made w i t h  1 / 4  
s e c o n d  e x p o s u r e s  u s i n g  t h e  s t r o b o s c o p e  t r i g g e r i n g  d e s c r i b e d  
above  ( r o u g h l y  1 0  f l a s h e s  p e r  e x ~ o s u r e ) .  The r e s o l u t i o n  o f  
t h e  p h o t o g r a p h s  i n d i c a t e s  t h a t  t h e  s y s t e m  p r o v i d e d  a s u f -  
f i c i e n t l y  s t a b l e  t r i g g e r  s i g n a l .  The re  a r e  b l a c k  s p o t s  
e v i d e n t  on  t h e  p h o t o g r a p h s .  These  a r e  due  t o  c lumps o f  
s m a l l  carborundum p a r t i c l e s  which were  p l a c e d  on  t h e  v o c a l  
j :  - i f o l d s .  The . p h o t o g r a p h s  i l l u s t r a t e  t h a t  t h e s e  p a r t i c l e s  
- 
were u s e f u l  f o r  v i s u a l i z i n g  t h e  v i b r a t i o n  p a t t e r n s .  
Measurement o f  P a r t i c l e  T r a j e c t o r i e s  
The mic roscope  - r o t a r y - t a b l e  a p p a r a t u s  was used  w i t h  
FIGURE 5-4 
p h o t o g r a p h  showing  a p h o n a t i n g  g l o t t i s  f rom t h e  
s u p e r i o r  a n d  i n f e r l o r  a s p e c t s  a t  e i g h t  phase i n c r e m e n t s  
t h r o u g h  t h e  c y c l e .  The p h o t o p r a p h s  a r e  s h o r n  two t o  a 
page  ~ i t h  t i m e  i n c r e a s i n g  f rom t o p  t o  b o t t o m  and  i n  o r d e r  
o f  i n c r e a s i n g  paEe number .  The i n f e r i o r  a n d  s u n e r l o r  
v i e w s  a t  c o r r e s p o n d i n g  ?!lase i n c r e m e n t s  f a c e  e a c h  o t h e r  









jsynchronous s t r o b o s c o p i c  i l l u m i n a t i o n  t o  m e a s u r e ' t h e  
i n s t a n t a n e o u s  f r o n t a l - p l a n e  p o s i t i o n s  o f  t h e  carborundum p a r -  
t i c l e s  o r  o t h e r  p o i n t s  on t h e  v o c a l  f o l d  s u r f a c e s .  To make 
t h e s e  m e a s u r e ~ e n t s ,  t h e  microscope and r o t a r y  t a b l e  were 
b o t h  f i x e d  t o  a r i g i d  b a s e .  The microscope  c o u l d  o n l y  move 
i n  t h e  v e r t i c a l  d i r e c t i o n  ( i . e .  p e r p e n d i c u l a r  t o  t h e  f r o n t a l  
p l a n e ) ,  a s  i n d i c a t e d  i n  F i g .  5-2. A l l  o t h e r  motion was 
p r o v i d e d  by t h e  r o t a r y  t a b l e ,  whose t r a n s l a t i o n  a x e s  erere 
o r i e n t e d  r o u g h l y  p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  o p t i c a l  
a x i s .  A s  a l r e a d y  ment ioned ,  t h e  t a b l e t o p  c o u l d  be  r o t a t e d  
s o  t h a t  t h e  o p t i c a l  a x i s  was a t  any h o r i z o n t a l  an.cle  w i t h  
r e s p e c t  t o  t h e  l a r y n x .  
F o r  measurements ,  o n l y  one e y e p i e c e  of  t h e  s t e r e o  
microscope  was used .  Fleasurements were made u s i n g  t h e  
U 
h i g h e s t  a v a i l a b l e  m a g n i f i c a t i o n .  The p a r t i c l e s  used  f o r  
I 
measurement were sma lx  enough (- 329 i n c h )  t h a t  t h e i r  s i z e  d i d  
n o t  l i m i t  t h e  r e s o l u t i o n  o f  t h e  measurements.  Measurements . 
p e r p e n d i c u l a r  t o  t h e  o p t i c a l  a x i s  were made w i t h  t h e  a i d  
o f  a  microscope  e y e p i e c e  r e t i c l e .  rqeasurements p a r a l l e l  t o  
t h e  a x i s  were made u s i n g  t h e  l i m i t e d  f o c a l  d e p t h  o f  t h e  
microscope  a t  i t s  h i g h e s t  m a g n i f i c a t i o n .  
Two r e c t a n g u l a r  c o o r d i n a t e  sys tems were d e f i n e d .  One 
was t h e  f r o n t a l  p l a n e  c o o r d i n a t e  sys tem (X-Y)  a t t a c h e d  t o  
t h e  t a b l e t o p  and t h u s  f i x e d  w i t h  r e s p e c t  t o  t h e  l a r y n x .  The 
X a x i s  was i n  t h e  l a t e r a l - m e d i a l  d i r e c t i o n  and t h e  Y a x i s  
C 
was i n  t h e  i n f e r i o r - s u p e r i o r  d i r e c t i o n .  The primed coor -  
d i n a t e  s y s t e m  ( X I - Y ' )  was d e f i n e d  by t h e  t r a n s l a t i o n  a x e s  
o f  t h e  t a b l e .  The o p t i c a l  a x i s  was rough ly  p a r a l l e l  t o  t h e  
Y 1  a x i s .  Both c o o r d i n a t e  sys t ems  had a common o r i g i n ,  which 
was f i x e d  t o  t h e  c e n t e r  o f  r o t a t i o n  o f  t h e  t a b l e t o p .  The 
a n g l e  o f  r o t a t i o n ,  9, between them was r e a d  from t h e  r o t a t i o n  
d i a l  o f  t h e  t a b l e .  The d i a l  was c a l i b r a t e d  i n  3 minute  
i n t e r v a l s .  
- The measurement sys tem was i n i t i a l i z e d  by t r a n s l a t i n g  
t h e  t a b l e t o p  u n t i l  i t s  c e n t e r  o f  r o t a t i o n  was c e n t e r e d  i n  
t h e  e y e p i e c e  r e t i c l e  and a l s o  c e n t e r e d  w i t h i n  t h e  d e p t h  o f  
f o c u s .  t e l e s c o p i n g  n e e d l e p o i n t  a c c u r a t e l y  a l i g n e d  w i t h  
t h e  r o t a t i o n  a x i s  was p rov ided  f o r  t h i s  p u r p o s e .  With t h e  
t a b l e t o p  i n  t h i s  p o s i t i o n ,  t h e  a d j u s t a b l e  a x i s  d i a l s  were 
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s e t  t o  z e r o .  The X ' - Y '  p o s i t i . o n  o f  any p o i n t  c o u l d  t h e n  b e  
measured by t r a n s l a t i n g  t h e  t a b l e t o p  u n t i l  t h e  p o i n t  was 
s i m i l a r l y  c e n t e r e d  i n  t h e  r n i c r o s c o p e l s  f i e l d .  The. c o o r d i -  
n a t e s  were t h e n  s i ~ p l y  r e a d  o f f  t h e  a x i s  d i a l s .  The a n g l e  
8 i s  a l s o  r e c o r d e d ,  and t h i s  i n fo r rna t lon  was used  t o  con- 
v e r t  t h e  measurements  t o  t h e  common X-Y c o o r d i n a t e  sys t em.  
Thus,  measurements  c o u l d  b e  made from any a n g l e  f o r  which 
t h e  p o i n t  was v i s ' i b l e ,  i n c l u d i n g  t h r o u g h  t h e  s u b g l o t t a l  
windows. 
T r a n s l a t i o n  a l o n g  t h e  t a b l e ' s  a x e s  was c a l i b r a t e d  i n  
0 .001  i n c h  i n c r e m e n t s  and was a c c u r a t e  t o  0 . 0 0 2  i n c h e s  
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(0 .05  rnrn.). Measurement accuracy  a l o n g  t h e  Y' a x i s  was 
l i m i t e d  by t h e  o p t i c s ,  and was u s u a l l y  a c c u r a t e  t o  w i t h i n  
0.005 i n c h e s  ( 0 . 1 3  m m . ) .  Because o f  t h e  c o a r s e n e s s  o f  t h e  
measurement a l o n g  t h e  Y' a x i s ,  t h e  measurement was g e n e r a l l y  
r e p e a t e d  s e v e r a l  t imes  ( b y  d e f o c u s s i n g  and r e f o c u s s i n g  t h e  
image)  b e f o r e  t h e  v a l u e  was r e c o r d e d .  Measurement accuracy  
i n  t h e  X-Y c o o r d i n a t e  sys tem i s  found by t r a n s f o r m i n g  t h e  
l i m i t s  i n  t h e  XI-Y' sys tem f o r  t h e  v a l u e  o f  4 used .  Re- 
s d l u t i o n  o f  t h e .  a n g l e  does  n o t  s i g n i f i c a n t l y  a f f e c t  t h i s  
a c c u r a c y .  
C h a p t e r  6 R e s u l t s  I :  Gross  Per formance  o f  Exc i sed  Larynxes 
The pu rpose  o f  t h i s  c h a p t e r  i s  t o  d e s c r i b e  t h e  g r o s s  
b e h a v i o r  o f  t h e  e x c i s e d  l a r y n x e s  a t  a l e v e l  t h a t  c a n  be com- 
p a r e d  w i t h  normal  human p h o n a t i o n  and w i t h  t h e  r e s u l t s  o f  
o t h e r . e x c i s e d - l a r y n x  s t u d i e s .  T h i s  d e s c r i p t i o n  s e t s  t h e  
c o n t e x t  f o r  t h e  d e t a i l e d  r e s u l t s  p r e s e n t e d  i n  t h e  n e x t  
c h a p t e r .  The r e s u l t s  p r e s e n t e d  h e r e  a l s o  r e p r e s e n t  a con- 
t r i b u t i o n  t o  t h e  s t u d y  o f  p h o n a t i o n  i n  g e n e r a l .  
R e g i s t e r s  
By v a r y i n g  t h e  c o n t r o l s  o f  t h e  l a r y n x e s '  c o n f i g u r a t i o n  
and t h e  s u b g l o t t a l  s o u r c e ,  p h o n a t i o n  c o u l d  be produced  i n  
d i f f e r e n t  r e g i s t e r s .  The i n i t i a l  (no- f low)  c o n f i g u r a t i o n  
used  f o r  most e x p e r i m e n t s  was w i t h  t h e  g l o t t i s  c l o s e d  o r  
n e a r l y  c l o s e d  and  t h e  v o c a l  f o l d s  a t  nea;ly t h e i r  n a t u r + l  
( r e 1 a x e d ) l e n g t h  ( a s  t h e  s u b g l o t t a l  s o u r c e  was s l o w l y  a c t i v a t -  
e d ,  t h e  g l o t t i s  opened p r i o r  t o  t h e  i n 1 t i a t Y o n  o f  phona to ry  
v i b r a t i o n s ,  h o v e v e r ) .  I n  t h i s  c o n f i g u r a t i o n ,  a "modal" 
r e g i s t e r  - 1 . e .  one t y p i c a l  o f  t h e  human s p e e c h  r a n g e  - was 
produced .  Pho tographs  i l l u s t r a t i n g  phonation i n  t h i s  
r e g i s t e r  were shown i n  t h e  p r e v i o u s  c h a p t e r .  P h o n a t i o n  i n  
t h i s  r e g i s t e r  c o u l d  a l s o  b e  produced  w i t h  no-flow g l o t t a l  
w i d t h  r a n g i n g  from c l o s e d  t o  abou t  1 mrn. 
A c l e a r l y  d i s t i n g u i s h a b l e  f a l s e t t o  r e g i s t e r  w i t h  p r o p e r -  
t i e s  s imi la r  t o  t h o s e  d e s c r i b e d  by  van den  Berg ( fundamen ta l  
f r e q u e n c y  g r e a t e r  t h a n  200  Hz ,  t h i n  g l o t t i s ,  s m a l l  v i b r a t i o n  
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a m p l i t u d e s  and  no v e r t i c a l  p h a s e  d i f f e r e n c e ,  open  q u o t i e n t  
a t  o r  n e a r  u n i t y )  was produced  when t h e  v o c a l  f o l d s  were  
s t r e t c h e d  t o  n e a r l y  t h e i r  maximum l e n g t h .  It was found ,  
however ,  t h a t  f a l s e t t o  c o u l d  n o t  b e  p roduced  w i t h  a l a r y n x  
whose c o n d i t i o n  had d e t e r i o r a t e d ,  due  e i t h e r  t o  t h e  e f f e c t s  
o f  advanced  post-mortem a g e  o r  t o  d e s i c c a t i o n  d u r i n g  t h e  
c o u r s e  o f  a n  e x p e r i m e n t .  
A t  t h e  o t h e r  e x t r e m e ,  an  a n a l o g u e  o f  v a n  d e n  B e r g ' s  
~ t r o h b a s s  r e g i s t e r  ( s h o r t e n e d  g l o t t i s ,  l a r g e  a m p l i t u d e  
v i b r a t i o n s  a t  low fundamen ta l  f r e q u e n c y  w i t h  no c l o s u r e ,  
low v a l u e s  o f  s u b g l o t t a l  p r e s s u r e  and a i r f l o w )  was n o t  
n o r m a l l y  p r o d u c e d .  R a t h e r ,  w i t h  s n a l l  l o n g i t u d i n a l  t e n s  
and  small' v a l u e s  o f  f l o w  and p r e s s u r e ,  a n  a p p a r e n t  p u l s e  
i o n  
r e g i s t e r  o r  v o c a l  f r y  ( w i t h  fundamen ta l  2;reauencv t y p i c a l l y  
60-80 Hz and  c l o s u r e  f o r  a s  much a s  3/4 o f  t h e  c y c l e s )  was 
p r o d u c e d .  Low- t o  mode ra t e - f r equency  p h o n a t i o n  w i t h  no 
c l o s u r e  and g e n e r a l l y  h i g h  f l ow  r a t e s  was p roduced  w i t h  
l a r y n x e s  which  had  become d e s i c c a t e d  d u r i n g  t h e  c o u r s e  o f  
a n  e x p e r i m e n t .  [Open q u o t i e n t ' a n d  f l ow  r a t e  g e n e r a l l y  i n -  
c r e a s e d  a s  d e s i c c a t i o n  p r o g r e s s e d . ]  O t h e r  anomalous modes 
o f  p h o n a t i o n ,  f o r  example w i t h  two p u l s e s  p e r  c y c l e ,  were  
9 a l s o  p roduced  u n d e r  some c o n d i t i o n s ,  
W i t h i n  t h e  "modal" r e g i s t e r ,  sudden  s h i f t s  i n  t h e  v i b r a -  
t i o n  p a t t e r n s  somet imes  o c c u r r e d ,  e i t h e r  s p o n t a n e o u s l y  o r  
when t h e  c o n t r o l s  n e r e  changed s l i g h t l y .  The c h a r a c t e r -  
i s t i c s  o f  t h i s  s h i f t  seemed c o n s i s t e n t  w i t h  t h e  c h e s t  
r e g i s t e r - m i d  r e g i s t e r  dichotomy d e s c r i b e d  by van  den Berg .  
Compared t o  t h e  lower  ( c h e s t )  r e g i s t e r ,  t h e  h i c h e r  (mid)  
r e g i s t e r  had h i g h e r  fundamenta l  f r e q u e n c y ,  l a r g e r  open 
q u o t i e n t ,  and c o r r e s p o n d i n g l y  s m a l l e r  g l o t t a l  r e s i s t a n c e .  
For example ,  w i t h  t h e  f low r a t e  a t  t h e  ' r e g u l a t e d  v a l u e  o f  
2 0 0  c c / s e c . ,  a spon taneous  s h i f t  from t h e  h i g h e r  t o  t h e  
lower  mode o c c u r r e d  w i t h  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  
"mid v o i c e "  - Po = 2 3 1  Hz, Ps = 1 0  cm. H 2 0 ,  OQ = 7/8 
" c h e s t  v o i c e " '  - Fo = 140 Hz, Ps - 17 cm. E 2 ) ,  OQ = 3/4 
I n  a n o t h e r  example ,  an  Fo jump between 85 Hz and a b o u t  
200 Hz was produced  r e p e a t e d l y  by v a r y i n g  s u b g l o t t a l  
p r e s s u r e .  Under s t r o b o s c o p i c  ~ S s e r v a t i o n ,  t h e  g r e a t e s t  
d i s t i n c t i o n  between t h e  trlo v i b r a t i o n  p a t t e r n s  was on t h e  
l o w e r  s u r f a c e s  o f  t h e  v o c a l  f o l d s .  I n  t h e  h i g h e r  mode, 
t h i s  p a r t  o f  t h e  g l o t t i s  v i b r a t e d  l i t t l e  o r  n o t  a t  a l l  
a b o u t  i t s  a v e r a g e  w i d t h ,  which was r e l a t i v e l y  nar row.  For  
t h e  l o w e r  mode, '  t h e  ave rage  w i d t h  was wide r  b u t  a m p l i t u d e s  
o f  v i b r a t i o n  were l a r g e  enough t o  c a u s e  c l o s u r e .  Preced-  
i n g  t h e  s h i f t  from t h e  h i g h e r  t o  t h e  1ot:er mode, s m a l l  
v i b r a t i o n s  c o u l d  sometimes be s e e n  b u i l d i n g  up i n  t h e  sub- 
g l o t t a l  r e g i o n  u n t i l  t h e  change o f  s t a t e  sudden ly  o c c u r r e d .  
Accord ing  t o  van den B e r ~  (1960)  t h e  t r a n s i t i o n  be- 
tween c h e s t  r e g i s t e r  and mid r e g i s t e r  need n o t  be d i s c o n -  
t i n u o u s .  If t h e r e  a r e  indeed  two r e g i s t e r s ,  t h e r e  i s  no 
f i x e d  boundary between them. A s  can  be s a i d  f o r  o t h e r  
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s t u d i e s  o f  p h o n a t i o n ,  t h e  e x p e r i m e n t s  may have  i n c l u d e d  a 
mix o f  two r e g i s t e r s ,  a l t h o u g h  w e  have  a t t r i b u t e d  them t o  
c h e s t  v o i c e .  
S t a b i l i t y  
F o r  l a r y n x e s  i n  good c o n d i t i o n  o p e r a t i n g  i n  t h e  m i d d l e  
o f  t h e i r  r a n g e s  w i t h  a p p r o p r i a t e l y  warmed and h u m i d i f i e d  
s u p p l i e d  and  ambien t  a i r ,  c y c l e - t o - c y c l e  s t a b i l i t y  ( j i t t e r )  
was n o t  a  l i m i t i n g  f a c t o r  f o r  t h e  e x ~ e r i m e n t s .  Under t h e s e  
c o n d i t i o n s ,  t h e . s u b g l o t t a 1  p r e s s u r e  t r a c e  on t h e  o s c i l l o -  
s c o p e  was s t e a d y  and  p a r t i c l e s  on t h e  v o c a l  f o l d s  were  
s t a b l e  and  s h a r p l y  d e f i n e d  unde r  synch ronous  s t r o b o s c o p i c  
i l l u m i n a t i o n .  However, s i g n i f i c a n t  c o n d e n s a t i o n  i n  t h e  sub -  
g l o t t a l  t r a c t  c a u s e d  i n c r e a s e d  j i t t e r .  J i t t e r  a l s o  i n -  
c r e a s e d  when t h e  l a r y n x  was n o t  o p e r a t i n g  i n  a " c o m f o r t a b l e "  
r a n g e ,  e i t h e r  n e a r  t h e  ex t r eme  o f  s u b g l o t t a l  p r e s s u r e  o r  
when t h e  t i s s u e s  became d e s i c c a t e d  o r  o t h e r w i s e  d e t e r i o r a t e d  
i n  p h y s i o l o g i c a l  c o n d i t i o n .  (The h i g h  e x t r e m e  o f  s u b g l o t t a l  
p r e s s u r e  i n  t h e s e  e x p e r i m e n t s  was when t h e  v i b r a t i o n s  be- 
came v e r y  i r r e g u l a r ,  e x c e s s i v e  n o i s e  was p r o d u c e d ,  o r  t h e  
v i b r a t i o n s  seemed o t h e r w i s e  n o n - p h y s i o l o g i c a l . )  
Dur ing  a n  e x t e n d e d  r u n ,  s t a b i l i t y  was a s e v e r e l y  l i m i t -  
i n g  f a c t o r .  It was found  d i f f i c u l t  t o  m a i n t a i n  s t e a d y  s t a t e  
v i b r a t i o n  f o r  t h e  p e r i o d s  (a t  l e a s t  g r e a t e r  t h a n  1 5  m i n u t e s )  
r e q u i r e d  t o  make measurements .  The b a l a n c e  be tween  a v o i d i n g  
c o n d e n s a t i o n  and  f o g g i n g  o f  t h e  s u b g l o t t a l  window on  one  
hand and t i s s u e  d e s i c c a t i o n  on t h e  o t h e r  hand was d i f f i c u l t  
t o  a c h i e v e .  I t  was hoped t h a t  t h e  p r e s s u r e - r e g u l a t e d  sub-  
g l o t t a l  s o u r c e  trould m a i n t a i n  s t a b l e  v i b r a t i o n s  o v e r  a w i d e r  
r a n g e  o f  t i s s u e  c o n d i t i o n s  t h a n  t h e  f l o w - r e g u l a t e d  s o u r c e ,  
s i n c e  p r e s s u r e  seems t o  be more d i r e c t l y  r e l a t e d  t h a n  a i r f l o w  
t o  t h e  c o n t r o l  o f  p h o n a t i o n .  However, no d r a m a t i c  improve- 
ment was o b t a i n e d .  Thus,  many r u n s  f o r  d e t a i l e d  measurements  
were  t e r m i n a t e d  w i t h  a n  incomple t e  o r  I n v a l i d  s e t  o f  measure- 
ment s .  
Run- to- run 'and  day-to-dav v a r i a b i l i t y ,  which depend on  
t h e  c o n f i g u r a t i o n  o f  t h e  l a r y n x  as w e l l  as t h e  c o n d i t i o n  o f  
t h e  l a r y n g e a l  t i s s u e s ,  was o f  c o u r s e  l a r g e .  However, no 
d r a m a t i c  e f f e c t  o f  post-mortem a g e  was n o t e d  up t o  t h e  p o i n t  
where t h e  t i s s u e s  v i s i b l y  d e t e r i o r a t e d .  F o r  r u n s  s i m u l a t -  
i n g  normal  p h o n a t i o n ,  l a r y n x e s  were used,up t o  a p o s t  mortem 
age  o f  a b o u t  3 weeks,  though most r u n s  were w i t h i n  2 weeks 
post-nortern.  I t  was a l r e a d y  n o t e d ,  however,  t h a t  d i f f i c u l t y  
was e n c o u n t e r e d  i n  p r o d u c i n g  f a l s e t t o  i n  some o l d  l a r y n x e s .  
V a r i a b l e s  D e s c r i b i n g  4teady Sta te  Phonation 
T a b l e  6-1 shows n e a s u r e d  v a l u e s  of  t h e  v a r i a b l e s  fun-  
damen ta l  f r e q u e n c y  ( F o ) ,  s u b g l o t t a l  p r e s s u r e  ( P s ) ,  g l o t t a l  
volume v e l o c i t y  (Ug), and open q u o t i e n t  ( 0 9 )  from e x p e r i -  
ments  i n  which d e t a i l e d  measurements were made. A s  n o t e d  
i n  t h e  t a b l e ,  some r o w s r e f l e c t  chang ing  c o n d i t i o n s  w i t h i n  
a r u n .  Because of  t h e  s t a b i l i t y  problems mentioned a b o v e ,  
a m a j o r i t y  o f  t h e s e  expe r imen t s  d i d  n o t  r e s u l t  i n  a  comple t e  
TABLE 6-1 
l . leasured v a l u e s  o f  p h o n a t o r r  n a r a m e t e r s  d u r i n ~ r  
e x p e r i m e n t a l  r u n s .  ?he v a r i a b l e s  t a b u l a t e d  a r e  n o s t - n o r t e n  
a g e  o f  t h e  p r e p a r a t i o n s  i n  da.ys , fundamen ta l  f r e q u e n c y  
(F ) i n  Hz., a v e r a g e  s u b g l o t t a l  p r e s s u r e  ( P , )  i n  c n .  H20, 
g 1 8 t t a l  f l o w  r a t e  ( u ~ )  i n  c c . / s e c . ,  and open  q u o t i e n t  (oQ). 
OB v:as n o t  measured f o r  a l l  c a s e s .  T h i s  l i s t  d o e s  n o t  
I n c l u d e  r u n s  v h e r e  o n l y  o a r t i a l  i n f o r m a t i o n  a b o u t  t h e  o t h e r  
, 4  p a r a m e t e r s  i s  a v a i l a b l e .  I 
Pos t - H o r t e a  oq 
Age F o Ps ug . (Where 
Larynx (days)  (Hz) ( c m  H20) ( c c / s e c )  Measured) Comments 
U, Regu la t i on  
" 
L3-30-3 4  120 9  3 00 1 
Weak r i b r a  t i o n s  
D e t e r i o r a t e d  
P, Regu la t i on  
L8-23.4-3 11 90  8 380 - 
11 8 0  7  600 Same r u n  b u t  - 
c o n d i t i o n s  d r i f t c d  
12 9  0  7 .310 418 
Jame r u n  a f t e r  
70  minu t e s  
Same r u n  a f t e r  
- 
1 0  minu te s  
L10-12-3 17 86 8 450 $18 
17 84 7% 5 25 518 Same e x p e r  inen t 
Open no- 
f low g l o t t i s  
Open g l o t t i s  
D e t e r i o r a t e d  
- - -  
19 103 8 25 0  518 Open g l o t t i s  
400 Same r u n  a f t e r  - 
15  m i n u t e s  
25 0  - 
1 3 5  
s e t  o f  d e t a i l e d  measurements .  The t a b l e  t h u s  r e p r e s e n t s  a  
s ample .  o f  measurements .  It a l s o  d o e s  n o t  a c c o u n t  f o r  a l l  
t h e  e x p e r i m e n t s  whose r e s u l t s  w i l l  be d i s c u s s e d  i n  t h e  n e x t  
c h a p t e r .  
F i g u r e  6-1 shows a s c a t t e r  p l o t  o f  Fo v s  P s  f rom T a b l e  
6-1. The re  i s  a  p o i n t  on t h e  p l o t  f o r  e a c h  row i n  t h e  
t a b l e ,  and d i f f e r e n t  l a r y n x e s  a r e  r e p r e s e n t e d  by d i f f e r e n t  
p l o t t i n g  symbols .  These symbols  a r e  u n f i l l e d  f o r  e x p e r i -  
ments  i n  which  ' t h e  s u b g l o t t a 1 , s o u r c e  was a  volume v e l o c i t y  
r e g u l a t o r  and  f i l l e d  f o r  t h o s e  w i t h  a p r e s s u r e  r e g u l a t o r .  
The v a r i a b i l i t y  r e f l e c t e d  i n  t h e  p l o t  h a s  a n  i n t r a - l a r y n x  
component and  a  l a r g e r  i n t e ~ - l a r y n x  component. The d i f f e r -  
e n c e s  be tween  s o u r c e  r e g u l a t i o n  do n o t  a p p e a r  t o  be  sys tem-  
a t i c .  c- 
S u b g l o t t a l  D r e s s u r e  and fundamen ta l  f r e q u e n c y  b o t h  f a l l  
i n t o  r a n g e s  t y p i c a l  f o r  normal  human p h o n a t i o n .  P s  i s  i n  
t h e  r a n g e  o f  5 t o  1 7  .cm I i20  v i t h  g r e a t e s t  c o n c e n t r a t i o n  i n  
t h e  7 t o  9 cm. H20 r a n g e ,  w h i l e  Fo r a n g e s  from 80 t o  140  Hz ,  
w i t h  g r e a t e s t  c o n c e n t r a t i o n  i n  t h e  80-110 Hz r a n g e .  The 
s c a t t e r  p l o t  i n d i c a t e s  a  rough  c o r r e l a t i o n  b e t w e e n  t h e  
v a r i a b l e s .  Data  p o i n t s  seem t o  c l u s t e r  a round  t h e  6 Hz/ cm 
H20 l i n e  which h a s  been  drawn.  T h e r e  i s  no d r a m a t i c  c l u s t e r -  
i n g  i n t o  g roups  t h a t  would i n d i c a t e  d i s t i n c t  modes. Flow 
r a t e  r anged  from 1 0 0  t o  o v e r  500  c c / s e c . , w i t h  g r e a t e s t  
c o n c e n t r a t i o n  I n  t h e  225 t o  3 2 5  c c / s e c .  r a n g e .  These r a t e s  
S c a t t e r  p l o t  o f  f u n d a m e n t a l  f r e q u e n c y  v e r s u s  s u b g l o t t a l  
p r e s s u r e  f r o m  T a b l e  6-1. T h e  6 l!z./cm. R20 l i n e  was d r a w n  
i n  a r b i t r a r i l y .  
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a r e  h i g h e r  t h a n  t h o s e  t y p i c a l  f o r  human p h o n a t i o n ,  b u t  t h e y  
a r e  s imi lar  t o  t h o s e  r e p o r t e d  i n  o t h e r  e x p e r i m e n t s  w l t h  ex-  
c i s e d  l a r y n x e s  (e.g. - van den  Berg  a n d  Tan,  1 9 5 9 )  and l i v e  
dogs  (Koyama -- e t  a l . ,  1 9 7 1 ) .  The d i f f e r e n c e  Is  p a r t l y  due  t o  
i n c o m p l e t e  c l o s u r e  o f  t h e  i n t e r a r y t e n o i d  p a r t ' o f  t h e  g l o t t i s .  
It was a l r e a d y  n o t e d  t h a t  O Q  i n c r e a s e s  a s  t h e  t i s s u e s  become 
d e s i c c a t e d ,  a n d  U i n c r e a s e s  c o r r e s p o n d i n g l y .  P r o b a b l y  
g 
b e c a u s e  o f  t h e s e . f a c t o r s ,  t h e r e  was no o b v i o u s  c o r r e l a t i o n  
be tween  U and  .any o f  t h e  o t h e r  v a r i a b l e ' s .  
€5 
0& was i n  t h e  r a n g e  1 / 2  - 1. The h i g h e r  v a l u e s  were  
o b t a i n e d  g e n e r a l l y  when t h e  s t a t e  o f  t h e  l a r y n p e a l  t i s s u e s  
had  d e t e r i o r a t e d  s i g n i f i c a n t l y  from t h e i r  "normal"  c o n d i t i o n  
d u r i n g  a n  e x p e r i m e n t .  O f t e n ,  t h e  g l o t t i s  c l o s e d  o v e r  p a r t  
o f  i t s  l e n g t h  b u t  comple t e  c l o s u r e  was n o t  a t t a i n e d .  &>\ 
I n i t i a t i n g  and S u s t a i n i n g  P h o n a t i o n  
P h o n a t i o n  was i n i t i a t e d  by adjust in^ t h e  l a r y n x  t o  a n  
a p p r o p r i a t e  c o n f i g u r a t i o n  and  t h e n  s l o w l y  i n c r e a s i n g  sub-  
g l o t t a l  p r e s s u r e .  The no-flow g l o t t a l  c o n f i g u r a t i o n  was 
c l o s e d  o r  n e a r l y  c l o s e d  f o r  t h e s e  e x p e r i m e n t s ,  a l t h o u g h  
p h o n a t i o n  c o u l d  a l s o  be  i n i t i a t e d  w i t h  t h e  g l o t t i s  open some- 
w h a t .  The v a l u e  o f  Ps  f o r  which i n i t i a t i o n  o c c u r r e d  was 
found  t o  b e  a t  l e a s t  3 cm. H20 f o r  t h e s e  e x p e r i m e n t s .  The 
v a l u e  was e x t r e m e l y  s e n s i t i v e  t o  t h e  c o n d i t i o n  o f '  t h e  
l a r y n g e a l  t i s s u e s .  Fo r  e x a n p l e ,  a v a l u e  o f  3 cm. H 2 0  was 
r e q u i r e d  a t  t h e  b e g i n n i n g  o f  one  e x p e r i m e n t a l  s e s s i o n ,  b u t  
b u t  a t  t h e  end o f  t h e  s e s s i o n  ( a f t e r  1 3/4 h o u r s )  when t h e  
l a r y n g e a l  t i s s u e s  were q u i t e  d r y ,  a s u b g l o t t a l  p r e s s u r e  
8 c n .  H20 was r e q u i r e d .  
S i m i l a r  v a l u e s  o f  s u b g l o t t a l  p r e s s u r e  f o r  i n i t i a t i n g  
p h o n a t i o n  were found w i t h  volume-ve loc i ty  r e g u l a t o r  and 
p r e s s u r e  r e g u l a t o r  s u b g l o t t a l  s o u r c e s .  O f  c o u r s e  w i t h  t h e  
volume v e l o c i t y  s o u r c e ,  p r e s s u r e  i n c r e a s e s  s u d d e n l y  as 
t h e  v i b r a t i o n s  s t a r t  and g l o t t a l  r e s i s t a n c e  i n c r e a s e s .  
With t h e  s m a l l e ' r  s o u r c e  r e s i s t a n c e  o f  t h e  p r e s s u r e - r e g u l a t o r  
s o u r c e ,  p r e s s u r e  i s  more n e a r l y  c o n s t a n t  a s  p h o n a t i o n  s t a r t s .  
With t h e  c o n f i g u r a t i o n  h e l d  s t e a d y ,  p h o n a t i o n  c o u l d  be  
s u s t a i n e d  a s  s u b g l o t t a l  p r e s s u r e  was reduced  t o  a v a l u e  
below t h a t  f o r  which p h o n a t i o n  was s p o n t a n e o u s l y  i n i t i a t e d .  
A minimum v a l u e  o f  2 cm. H20 was found.  ;;This v a l u e  was a l s o  
found t o  depend on  t h e  c o n d i t i o n  of  t h e  t i s s u e s .  I n  t h e  
example c i t e d  above ( i n  which t h e  v a l u e s  of  P s  f o r  i n i t i a t i o n  
were 3 cm. H20 and 8 cm. H20 a t  t h e  b e g i n n i n g  and end o f  a  
s e s s i o n ,  r e s p e c t i v e l y ,  t h e  c o r r e s p o n d i n g  minimum v a l u e s  t o  
s u s t a i n  v i b r a t i o n  were 2 cm. H20 and 4 cm. H 0, w i t h  f low 2 
r a t e s  o f  110  c c / s e c  and 380 c c / s e c  r e s p e c t i v e l y .  
F o r  v a l u e s  .of s u b g l o t t a l  p r e s s u r e  s l i g h t l y  below t h o s e  
r e q u i r e d  f o r  spon taneous  p h o n a t i o n ,  v i b r a t i o n s  c o u l d  some- 
times be  s t a r t e d  by d e f l e c t i n g  t h e  t h y r o i d  c a r t i l a g e  o r  t h e  
f o l d s  t h e m s e l v e s .  With Ps v e r y  n e a r  t h e  c r i t i c a l  v a l u e ,  
o n l y  t h e  s l i g h t e s t  d i s t u r b a n c e  ( s u c h  a s  b a n g i n g  on t h e  t a b l e )  
was r e q u i r e d .  Cases  were n o t e d  where a c t u a l  p h o n a t i o n  b e g a n !  
a f t e r  a n  i n i t i a l  p e r i o d  d u r i n g  which s m a l l  g rowing  v i b r a -  
t i o n s  were e v i d e n t .  T h i s  r e s u l t  s u g g e s t s  v a l i d i t y  f o r  t h e  
m o d e l l i n g  c o n c e p t  o f  p r e d i c t i n g  p h o n a t i o n  on  t h e  b a s i s  o f  
i n s t a b i l i t y  o f  a s m a l l - s i g n a l  model ( I s h i z a k a  and M a t s u d a i r a ,  
1 9 6 8 ;  S t e v e n s ,  i n  p r e p a r a t i o n ) .  
R e e u l a t i o n  o f  Phona t ion  
Phona t ion  c o u l d  be r e g u l a t e d  e i t h e r  by v a r y i n g  t h e  
c o n f i g u r a t i o n  o f  t h e  l a r y n g e a l  t i s s u e s  o r  by a d j u s t i n g  t h e  
s u b g l o t t a l ,  s o u r c e .  Only t h e  e f f e c t  o f  s u b g l o t t a l  p r e s s u r e  
v a r i a t i o n s  on fundamenta l  f r e q u e n c y  were s t u d i e d  q u a n t i t a -  
t i v e l y .  
P r e v i o u s  work w i t h  e x c i s e d  l a r y n x e s  ( e . g .  van den  Berg 
- - 
and Tan 1959;  Anthony, 1968)  u t i l i z e d  vo lume-ve loc i ty  
r e g u l a t o r s  f o r  t h e  s u b g l o t t a l  s o u r c e .  The r e s u l t s  o f  t h e s e  
s t u d i e s  s u g g e s t  t h a t  Fo v a r i e s  w i t h  Ps  a t  a n  a v e r a g e  r a t e  o f  
5 t o  7 Hz/cm H 2 0 ,  when s u b g l o t t a l  p r e s s u r e  i s  v a r i e d  by 
a d j u s t i n g  s o u r c e  f l o w - r a t e .  
Some e x p e r i m e n t s  were c a r r i e d  o u t  i n  which t h e  p r e s s u r e -  
r e g u l a t o r  s u b g l o t t a l  s o u r c e  was used .  I n  t h e s e  e x p e r i m e n t s ,  
p r e s s u r e  was v a r i e d  i n  1-cm H 2 0  s t e p s .  I t  was found t h a t  
fundamen ta l  f r e q u e n c y  v a r i e d  w i t h  s u b g l o t t a l  p r e s s u r e  a t  a  
r a t e  o f  5-7 I!z/cm H20, and f low r a t e  a l s o  i n c r e a s e d  a s  
p r e s s u r e  i n c r e a s e d .  
F i g u r e  6-2 shows t h e  r e s u l t s  o f  one s u c h  r u n ,  c o m p r i s i n g  
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F u n d a m e n t a l  f r e q u e n c v  v s .  s u b g l o t t a l  p r e s s u r e  d u r i n g  
a s i n g l e  r u n .  T h e  c o n d i t i o n  o f  t h e  l a r y n x  d e t e r i o r a t e d  
toward  t h e  end o f  t h e  r u n .  The 6 Hz./cn. i s  a s u b j e c t i v e  
fit t o  the d a t a .  
two a s c e n d i n g - d e s c e n d i n g  s e r i e s .  F o r  most o f  t h e  r a n g e  o v e r  
which Ps  y a s  a d j u s t e d ,  Fo v a r i e d  a t  a r a t e  o f  a b o u t  
6  Hz/cm I i 2 0 .  Toward t h e  end o f  t h e  r u n ,  when t h e  t i s s u e s  
-, 
were  s e v e r e l y  d e s i c c a t e d ,  Fo became less  s e n s i t i v e  t o  
p r e s s u r e  c h a n g e s .  ( I n  o t h e r  e x p e r i m e n t s ,  r a t e s  below 
3 Hz/cm H 2 0  were  measured w i t h  d e s i c c a t e d  p r e p a r a t i o n s . )  
R e s u l t s  o f  a  r u n  w i t h  a n o t h e r  l a r y n x  i n  which v a r i a t i o n s  o f  
b o t h  Fo and Ug were  measured a r e  d i s p l a y e d  i n  F i g .  6-3. 
The s l o p e  o f  t h e  Po v e r s u s  Ps l i n e  i s  a b o u t  5 Hz/cm H 2 0  i n  
t h i s  c a s e .  The f i g u r e  shows t h a t  volume v e l o c i t y  i n c r e a s e d  
'as s u b g l o t t a l  p r e s s u r e  was r a i s e d .  It a l s o  I n d i c a t e s  t h a t  
l i t t l e  s y s t e m a t i c  e f f e c t  on  Fo r e s u l t e d  f rom i n c r e a s i n g  
t e n s i o n  o n  t h e  a d d u c t o r y  t h r e a d s .  ( T h e i r  i n i t i a l  t e n s i o n  
c a u s e d  a  c l o s e d  no-flovr g l o t t i s . )  T h i s  Lack o f  i n f l u e n c e  
c o n f l i c t s  w i t h  van  d e n  B e r g ' s  f i n d i n g s  ( v a n  d e n  Berg  and 
Tan ,  1 9 5 9 ) .  
I n  F i g .  6-3, t h e  a r y t e n o i d  c a r t i l a g e s  s e p a r a t e d  some- 
what f o r  t h e  h i g h e s t  s u b g l o t t a l  p r e s s u r e s  d u r i n g  t h e  f i r s t  
r u n  b u t  n o t  f o r  t h e  s econd  r u n ,  due  t o  i n c r e a s e d  a d d u c t o r y  . 
t e n s i o n . .  The r e s u l t i n g  a i r f l o w  r a t e  i s  h i g h e r  i n  t h e  f i r s t  
r u n .  T h i s  i l l u s t r a t e s  t h a t ,  i n  i n t e r p r e t i n g  such  ex ,pe r i -  
m e n t s ,  i t  s h o u l d  be  remembered t h a t  t h e  l a r y n g e a l  c o n f i g u r a -  
t i o n  was h e l d  c o n s t a n t  i n  t h e  s e n s e  t h a t  t h e  t h r e a d  a d j u s t -  
ments  were n o t  changed ,  b u t  n o t  n e c e s s a r i l y  i n  t h e  s e n s e  
o f  m a i n t a i n i n g  t h e  c a r t i l a g e s  i n  f i x e d  p o s i t i o n .  
FIGURE 6-3 
F u n d a m e n t a l  f r e q u e n c y  and f l o w  r a t e  v e r s u s  s u b v l o t t a l  
p r e s s u r e  for a s i n g l e  r u n .  Two a s c e n d i n q  s e r i e s  w i t h  
d i f f e r i n g  a d d u c t o r y  t e n s i o n  a r e  r e n r e s e n t e d .  The  5 Hz./cm. 
1120 l l n e  i s  a s u b j e c t i v e  f i t  t o  t h e  da ta .  
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The r a t e  o f  change  of Fo w i t h  Ps was n o t  a lways  con- 
s t a n t  o v e r  i t s  whole  r a n g e .  F i g u r e  6-4 shows t h e  r e s u l t s  o f  
one e x p e r i m e n t  i n  which t h e  a v e r a g e  s l o p e  was a b o u t  
5 Hz/cm H 2 0  o v e r  a r a n g e  t h a t  would b e n o r m a l  f o r  human 
p h o n a t i o n .  A t  t h e  h i g h e r  r a n g e ,  however ,  t h e  ra te  was 
3 .5  Hz/cm H20. 
F i g u r e  6-4 a l s o  i l l u s t r a t e s  a n o t h e r  phenomenon. I n  
some ( b u t  n o t  a l l )  e x p e r i m e n t s ,  a  s y s t e m a t i c  d i f f e r e n c e  
was n o t e d  be tween  r u n s  w i t h  a s c e n d i n g  and d e s c e n d i n g  
changes  i n  s u b g l o t t a l  p r e s s u r e .  The e x p l a n a t i o n  f o r  t h e  
h y s t e r e s i s  e f f e c t  i s  n o t  known. It nay r e f l e c t  o n l y  t h e  
c u m u l a t i v e  d r y i n g  e f f e c t s  o f  f l o w  on  t h e  c o n d i t i o n  o f  t h e  
l a r y n g e a l  t i s s u e s .  Another  p o s s i b l e  e x p l a n a t i o n ,  h o o ~ e v e r ,  
i s  t h a t  s h i f t s  o c c u r  a t  t h e  h i g h  a n d  l ~ w ~ e x t r e m e s  s o  t h a t  
a s c e n d i n g  and  d e s c e n d i n g  s e r i e s  r e p r e s e n t  s l i g h t l y  d i f f e r e n t  
v i b r a t i o n  modes. 
Some r u n s  were  made w i t h  open no-flow g l o t t a l  con- 
f i g u r a t i o n s  ( a s  wide  a s  1 mm.). The r a t e  o f  change  o f  Fo 
w i t h  Ps was found  t o  be  w i t h i n  a  s i m i l a r  r a n g e  - a b o u t  4 . 5  
F i g u r e  6-5 i l l u s t r a t e s  t h e  e f f e c t  o f  l e n g t h e n i n g  t h e  
v o c a l  f o l d s  ( w i t h o u t  r e g i s t e r  change ) .  Fundamental  f r e -  
quency a t  a f i x e d  v a l u e  o f  s u b g l o t t a l  p r e s s u r e  i n c r e a s e d .  
V a r i a t i o n s  o f  fundamen ta l  f r e q u e n c y  w i t h  s u b g l o t t a l  p r e s s u r e  
were  s i m i l a r  i n  t h e  two g l o t t a l  c o n d i t i o n s .  
FIGURE 6-4 
2 0 0  
150 
F u n d a m e n t a l  f r e q u e n c y  v e r s u s  s u b g l o t t a l  p r e s s u r e  f o r  
a n  e x t e n d e d  r a n g e  o f  s u h ~ l o t t a l  p r e s s u r e .  Tile 5 Hz./cm. 
11?0 a n d  3 .5  l is . /cm. 1!20 l i n e s  viere f i t  s u b j e c t i v e l y  t o  t h e  
data. 
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FIGURE 6-5 
Fundamenta l  f r e q u e n c y  v e r s u s  s u b g l o t t a l  p r e s su re  for 
two d i f f e r e n t  g l o t t a l  l e n ~ t h s .  The 5 IIz./cn. H20 a n d  
6 IIz./cm. Hz0 l i n e s  were f i t  s u b j e c t i v e l y  t o  t h e  d a t a .  
I t  was a l r e a d y  n o t e d  t h a t  t h e  dependence  o f  Fo on P s  
d e c r e a s e d  when p r e p a r a t i o n s  became d e s i c c a t e d .  I n  t h i s  
c o n d i t i o n ,  dependence  on l e n g t h  o f  t h e  v o c a l  f o l d s  a l s o  
changed .  Sometimes,  Fo a c t u a l l y  decreased o r  p h o n a t i o n  
s t o p p e d  c o m p l e t e l y  i f  t h e  g l o t t i s  was l e n g t h e n e d ,  and Fo 
sometimes i n c r e a s e d  I f  t h e  g l o t t i s .  was s h o r t e n e d .  The l n -  
a b i l i t y  o f  t he se  p r e p a r a t i o n s  t o  produce  f a l s e t t o  was 
a l r e a d y  n o t e d .  
C h a p t e r  7 R e s u l t s  11: i l e t a i l e d  T?easu remen t s  
T h i s  c h a ? t e r  i s  conce rned  w i t h  measurement o f  t h e  me- 
c h a n i c a l  v i b r a t i o n  p a t t e r n s  and o f  p r o p e r t i e s  o f  t h e  v o c a l  
f o l d s  a t  a  d e t a i l e d  l e v e l .  Tha t  i s ,  i t  i s  conce rned  ~ i t h  
movements o f  t h e  v o c a l  f o l d  s u r f a c e s  o r  o f  i n d i v i d u a l  p a r -  
t i c l e s  on t h e s e  s u r f a c e s .  The c h a p t e r  i s  o r g a n i z e d  i n t o  
f o u r  ma jo r  s e c t i o n s ,  e a c h  o f  which c o n s i s t s  o f  a p r e s e n t a -  
t i o n  o f  r e s u l t s  fol lo~pred by a n a l y s i s  and  d i s c u s s i o n .  The 
f i r s t  s e c t i o n  i s  conce rned  w i t h  t h e  measurement o f  s t e a d v  
s t a t e  v i b r a t i o n s  r e 3 r e s e n t a t i v e  o f  normal  p h o n a t i o n .  I t  
c o n t a i n s  t h e  most i n p o r t a n t  r e s u l t s  i n  t h e  t h e s i s .  The 
second s e c t i o n  c o n c e r n s  measurements  o f  v i b r a t i o n  p a t t e r n s  
d u r i n g  p h o n a t i o n  which lvas n o t  s t e a d y  s t a t e  s i n c e  t i s s u e  
p r o p e r t i e s  were chang ing .  The  t h i r d  secif:ion c o n c e r n s  v i b r a -  
t i o n  p a t t e r n s  from p r e p a r a t i o n s  which were a l t e r e d  by r e -  
moval o f  one o r  b o t h  v o c a l i s  musc l e s .  F i n a l l y ,  t h e  f o u r t h  
s e c t i o n  r e l a t e s  measurements  o f  t h e  v a r y i n g  s t a t i c  p o s i t i o n  
o f  t h e  v o c a l  f o l d s  a s  s u b g l o t t a l  p r e s s u r e  was v a r i e d  a t  
l e v e l s  below t h o s e  f o r  which p h o n a t i o n  tras i n i t i a t e d .  Such 
, measurements  a r e  u s e f u l  f o r  d e t e r m i n i n g  mechan ica l  p r o p e r -  
t i e s  o f  t h e  v o c a l  f o l d s ,  a s  w i l l  be  d i s c u s s e d  i n  t h e  f o l -  
l owing  c h a p t e r .  
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Ampli tudes and D i r e c t i o n s  o f  V i b r a t i o n  
An i n i t i a l  s e t  o f  measurements and o b s e r v a t i o n s  was made 
t o  e s t a b l i s h  some g e n e r a l  a s p e c t s  o f  t h e  v i b r a t i o n  p a t t e r n s .  
These a s p e c t s  i n c l u d e  r a n g e  a m p l i t u d e  o f  v o c a l - f o l d  
v i b r a t i o n  t o  be expec ted  and  t h e  r e g i o n  o f  t h e  v o c a l  f o l d  
s u r f a c e  o v e r  which v i b r a t i o n  i s  o b s e r v e d .  
F i g u r e  7-1 shows t h e  o u t l i n e  o f  a v o c a l  f o l d  i n  f r o n t a l  
s e c t i o n .  The e n v e l o p e  o f  p o i n t s  o f  maximum e x c u r s i o n  i s  
drawn,  b a s e d  on measurements of  t h e  a m p l i t u d e s  o f  v i b r a t i o n  
o f  t h e  s u r f a c e s  a t  f i v e  d i f f e r e n t  v e r t i c a l  l e v e l s  as measur- 
e d  from t h e  s u b g l o t t a l  a s p e c t .  A l s o . i n d i c a t e d  a r e  e s t i m a t e d  
s h a p e s  o f  t h e  v o c a l  f o l d  a t  two p h a s e s  i n  t h e  v i b r a t o r y  
c y c l e .  Dur ing  t h e  u l o s e d  p e r i o d ,  j u s t  b e f o r e  o p e n i n g ,  t h e  
d e p t h  o f  g l o t t a l  c l o s u r e  i s  v e r y  small ( t h e  o r d e r  o f  0 . 1  mm), 
s o  t h a t  t h e  s u p e r i o r  s u r f a c e  o f  t h e  f o l d  and  t h e  u n d e r s u r f a c e  
a r e  a t  a l m o s t  t h e  same l e v e l .  T h e - l o w e s t  l e v e l  a t  which 
c l o s u r e  o c c u r s  i s  a b o u t  3 m,. lower .  A t  t h i s  l e v e l  and  ' . . 
l o w e r ,  p z r t i c l e  , t r a j e c t o r i e s  have l a r g e r  h o r i z o n t a l  t h a n  
v e r t i c a l  components .  F o r  t h e  c a s e  shown, t h e  t o t a l  h o r i z o n -  
t a l  e x c u r s i o n  f o r  a p a r t i c l e  a t  t h e  l o w e s t  l e v e l  o f  c l o s u r e  
i s  a b o u t  1 . 2  mm. A t  a l e v e l  2 .3  mm. l o w e r ,  t h e  e x c u r s i o n  
a m p l i t u d e  i s  o n l y  0 . 3  rnm. P-t 7 .5  mm. s t i l l  l o w e r ,  t h e r e  
a r e  v e r y  s m a l l  ( l e s s  t h a n  0 . 1  rnrn.) v i b r a t i o n s  t h a t  a r e  
p r o b a b l y  r e l a t e d  t o  t h e  complex a c o u s t i c  p r e s s u r e  v a r i a t i o n s  
O u t l i n e  of t h e  f r o n t a l  s e c t i o n  o f  a v o c a l  f o l d  d u r i n g  
p h o n a t i o n  based  on  measurements  from t h e  i n f e r i o r  a s p e c t .  
The e n v e l o p e  o f  t h e  v i b r a t i o n s  ( t h e  l o c u s  o f  maximum 
e x c u r s i o n s )  i s  i n d i c a t e d  by s o l . i d  l i n e s .  The  e s t i m a t e d  
s h a p e s  a t  two i n s t a n t s  i n  t h e  c y c l e  a r e  i n d i c a t e d  b y  b r o k e n  
l i n e s  where  t h e y  do  n o t  l i e  a l o n g  t h e  e n v e l o ~ e  o f  t h e  
v i b r a t i o n s .  The p l o t t i n g  symbols  r e p r e s e n t  a c t u a l  measure-  
men t s .  The accompanying t e x t  c o n t a i n s  o b s e r v a t i o n s  r e c o r d e d  
d u r i n g  t h e  e x p e r i m e n t .  The t i c k  marks appro xi mat el,^ d e l i m i t  
t h e  r e g i o n  i n  v:!iich measurements  shown i n  t h e  r e s t  o f  t h i s  
c h a p t e r  were t a k e n .  
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i n  t h e  p s e u d o t r a c h e a .  On t h e  u p p e r  s u r f a c e  o f  t h e  f o l d s ,  
t h e  movements ( n o t  shovln i n  t h i s  f i g u r e )  a r e  complex n e a r  
t h e  m i d l i n e ,  where v i b r a t i o n  a m p l i t u d e s  a r e  g e n e r a l l y  i n  t h e  
r a n g e  o f  1-3 mm. V e r t i c a l  components a r e  l a r g e s t  on  t h i s  
p a r t  o f  t h e .  s u r f a c e .  More l a t e r a l l y ,  ~ i b r a t ~ o n s  a r e  e s s e n -  
t i a l l y  v e r t i c a l  and  a m p l i t u d e s  become s m a l l e r .  Though 
. s m a l l e r  movements c a n  be d e t e c t e d  v e r y  fa r  l a t e r a l l y  (1 cm. 
i n  t h e  c a s e  shown) ,  t h e y  become v e r y  s m a l l  ( l e s s  t h a n  0 . 1  
mm.) beyond a b o u t  5 mm. f rom t h e  m i d l i n e .  
Measurements  t o  be d i s c u s s e d  i n  t h i s  c h a p t e r  were  t a k e n  
from s e v e r a l  l a r y n x e s  'over  a r a n g e  o f  l o c a t i o n s  r o u g h l y  
c o r r e s p o n d i n g  t o  t h e  r e g i o n  be tween  t h e  t i c k  marks i n  
P F i g .  7-1.  
P a r t i c l e  T r a j e c t o r i e s  
F i g u r e  7 -2  c o n t a i n s  t h e  main e x p e r i m e n t a i  r e s u l t s  o f  
t h e  t h e s i s .  I t s  v a r i o u s  p a r t s  show t h e  t r a j e c t o r i e s  o f  11 
d i f f e r e n t  p a r t i c l e s  (measured i n  8 d i f f e r e n t  r u n s  on  6 d i f -  
f e r e n t  l a r y n x e s ) ,  a s  e s t i m a t e d  from measurements  a t  e i g h t h -  
c y c l e  i n c r e m e n t s . "  These  d a t a  were c o l l e c t e d  o v e r  a  p e r i o d  
o f  a b o u t  1 / 2  y e a r  d u r i n g  which t h e  a p p a r a t u s ,  t e c h n i q u e s ,  
p r o c e d u r e s ,  and methods o f  d a t a  i n t e r p r e t a t i o n  were under -  
g o i n g  deve lopmen t .  C o n s e q u e n t l y ,  t h e  s e t  o f  i n f o r m a t i o n  
j! With t h e  e x c e p t i o n  o f  P a r t  F ,  t h e s e  r u n s  a r e  a l l  t h o u g h t  
t o  r e p r e s e n t  normal  p h o n a t i o n .  I n  p a r t  F ,  open  q u o t i e n t  
was s m a l l e r  t h a n  t h a t  e n c o u n t e r e d  i n  normal  p h o n a t i o n .  
FIGURE 7-2 (A-11) 
Y e a s u r e d  t r a j e c t o r i e s  of p a r t i c l e s  dur iny= e i g h t  d i f f e r e n t  
r u n s .  The m e a s u r e s  p a r t i c l e  ~ o s i t i o n s  a r e  i n d i c a t e d  by  t h e  
p l o t t i n c  s y m b o l s .  The t r a j e c t o r i e s  a r e  a r b i t r a r i l y  d rawn by 
h a n d .  The m i d l i n e  p o s i t i o n s  a r e  d r a m  f r o m  e s t i m a t e s  o r  
a p p r o x i m a t e  n e z s u r e m e n t s ,  as i n d i c a t e d .  The i n s e t  o n  t h e  
r i g h t  o f  e a c h  f i g u r e  t a b u l a t e s  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  
e a c h  r u n .  The r e g u l a t e d  s o u r c e  v a r i a b l e  ( F s  o r  U,) i s  lisced 
f i r s t  i n  e a c h  c a s e .  8 is t h e  r o t a t i o n  a n g l e  o f  t h e  t a b l e t o p  
( s e e  C h a ~ .  5 ) .  :Totes and  s k e t c h e s  r e c o r d e d  d u r i n g  t h e  
e x p e r i m e n t  a r e  I n c l u d e d  I n  t h e  i n s e t .  The  s k e t c h  on  t h e  
u p p e r  l e f t  o f  e a c h  i n s e t  shows  s c h e m a t i c a l l y  t h e  g e n e r a l  
o r i e n t a t i o n  o f  e a c h  p a r t i c l e  b e i n g  t r a c k e d .  
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a v a i l a b l e  i n  a d d i t i o n  t o  t h e  t r a j e c t o r i e s  i n  e a c h  c a s e  i s  
- g e n e r a l l y  i n c o m p l e t e ,  However, t h e  t y p e s  o f  i n f o r m a t i o n  
a v a i l a b l e  i n c l u d e  s u b g l o t t a l  p r e s s u r e  ( P s ) ,  a i r f l o w  r a t e  
( ~ g ) ,  fundamenta l  f r equency  ( F O ) ,  phase  i n t e r v a l  o f  g l o t t a l  
o p e n i n g  and c l o s u r e ,  approximate  l o c a t i o n  o f  t h e  m i d l i n e ,  
and rough s k e t c h e s  o f  t h e  v o c a l  f o l d  shape  i n  t h e  r e g i o n  
o f  t h e  p a r t i c l e .  The i n f o r m a t i o n  a v a i l a b l e  f o r  each  t r a -  
j e c t o r y  i s  i n d i c a t e d  w i t h i n  t h e  f i g u r e .  The o b s e r v a t i o n  
a n g l e ,  8, was d e f i n e d  i n  Chapter  5 .  Even where a c t u a l  
measurement o f  t h e  m i d l i n e  p o s i t i o n  was n o t  made, o r  
s k e t c h e s  o f  t h e  o v e r a l l  shape  n o t  r e c o r d e d ,  an a t t e m p t  h a s  
been  made t o  e s t i m a t e  them i n  t h e  d i f f e r e n t  p a r t s  o f  
F i g .  7 - 2 ,  I n  o r d e r  t o  p r o v i d e  a b e t t e r  c o n t e x t  f o r  t h e  
t r a j e c t o r i e s .  cz 
S e v e r a l  d e t a i l s  conce rn ing  p a r t s  o f  t h e  f i g u r e  a r e  
p o i n t e d  o u t  h e r e .  The f i g u r e s  show d a t a  from b o t h  l e f t  and 
r i g h t  v o c a l  , f o l d s  ( a s  i n d i c a t e d  i n  t h e  p l o t s ) ,  b u t  by con- 
v e n t i o n  t h e y  a r e  p l o t t e d  i n  an  X-Y c o o r d i n a t e  sys tem where 
X i n c r e a s e s  i n  t h e  l a t e r a l  d i r e c t i o n  f o r  t h e  f o l d  concerned  
and Y I n c r e a s e s  i n  t h e  s u p e r i o r  d i r e c t i o n .  I n  a lmos t  a l l  
c a s e s ,  d a t a  were c o l l e c t e d  f o r  o n l y  one f o l d .  For  most 
p u r p o s e s ,  b i l a t e r a l  symmetry may b e  assumed. 'It s h o u l d  be  
n o t e d ,  however,  t h a t  t h e  m i d l i n e  i s  n o t  a c c u r a t e l y  d e t e r -  
mined even  when i t s  X l o c a t i o n  i s  measured a t  one Y l e v e l .  
The a p p a r a t u s  d o e s  n o t  c o n s t r a i n  t h e  m i d l i n e  t o  t h e  Y a x i s ,  
163 
and d e v i a t i o n s  o f  5 O  o r  10'  i n  e i t h e r  d i r e c t i o n  a r e  pos- 
s i b l e .  P a r t i c l e s  were g e n e r a l l y  i n  t h e  a n t e r i o r  and p o s t -  
e r i o r  middle  t h i r d  o f  t h e  v i b r a t i n g  p o r t i o n  o f  t h e  f o l d s ,  
s o  t h a t  t h e y  were a t  o r  n e a r  t h e  r e g i o n  o f  maximum excur-  
s i o n  a m p l i t u d e .  F i n a l l y ,  t h e  o s c i l l o s c o p e l s  ' t r i g g e r  p o i n t  
on t h e  p r e s s u r e  waveform ( i . e .  phase  0 )  does n o t  o c c u r  a t  
any s p e c i f i c  i d e n t i f i a b l e  p a r t  o f  t h e  c y c l e ,  though i t  i s  
o f t e n  d u r i n g  t h e  c l o s e d  p e r i o d .  
I n s p e c t i o n  of F i g .  7-2 i n d i c a t e s  that  t h e  t r a j e c t o r i e s  
a r e  u s u a l l y  no t  s imple .  I n  g e n e r a l ,  t h e y  a r e  w e l l  cha rac -  
t e r i z e d  by n e i t h e r  s t r a i g h t  l i n e s  n o r  e l l i p s e s ,  b u t  a u s e f u l ,  
c h a r a c t e r i z a t i o n  may be e l l i p t i c a l  w i t h  p e r t u r b a t i o n s .  For 
p a r t i c l e s  f u r t h e s t  from t h e  m i d l i n e ,  such as i n  F i g s .  7-2E 
and H ( p a r t i c l e s  1 and 3 ) ,  t h e  t r a j e c t o r A e s  a r e  u s u a l l y  nea r -  
l y  e l l i p t i c a l ,  and sometimes w e l l  approximated by s t r a i g h t  
l i n e s .  Nearer  t h e  m i d l i n e ,  t r a j e c t o r i e s  a r e  u s u a l l y  more 
complex, and t h e  main " e l l i p t i c a l 1 '  p a r t  i s  u s u a l l y  more c i r -  
c u l a r .  When t h e  p a r t f c l e s  a r e  on t h e  s u p e r i o r  s u r f a c e ,  a  
p e r t u r b a t i o n  o c c u r s  n e a r  t h e  supero-medial  p a r t ,  a s  i n  F i g s .  
7-2A and D .  Sometimes t h i s  may become a  secondary  loop o r  
more compl ica ted  shape ,  a s  i n  F ig .  7-2G ( p a r t i c l e  1) o r  
7 - 2 ~  ( p a r t i c l e  2 ) .  Secondary l o o p s  may a l s o  appear  f o r  
p a r t i c l e s  on t h e  s u b g l o t t a l  a s p e c t ,  as i n  F i g .  7-2G ( p a r -  
t i c l e  2 3 ,  i f  t h e  p a r t i c l e ' s  l e v e l  i s  h i g h  enough and i t  
comes s u f f i c i e n t l y  nea r  t h e  m i d l i n e .  
I n  a l l  c a s e s ,  t h e  p a r t i c l e s  t r a v e r s e  t h e  main p a r t s  
of  t h e i r  t r a j e c t o r i e s  i n  t h e  c l o c k w i s e  s e n s e  ( f o r  t h e  co- 
o r d i n a t e  convent ' ion  we have a d o p t e d ) .  That  i s ,  t h e  l a t e r a l -  
g o i n g  p a r t s  a r e  s u p e r i o r  t o  t h e  media l -going  p a r t s .  F o r  
p a r t i c l e s  on t h e  i n f e r i o r  a s p e c t  ( a s  I n d i c a t e d  i n  F i g s .  
7-2G and H )  motion i s  g e n e r a l l y  s u p e r i o r  and ' l a t e r a l  d u r i n g  
t h e  c l o s e d  p e r i o d  and i n f e r i o r  and med ia l  d u r i n g  t h e  open 
p e r i o d .  F i g u r e s  7-2A, B ,  C ,  D ,  G ,  and H show t h a t  p a r -  
t i c l e s  on t h e  s u p e r i o r  s u r f a c e  n o t  t o o  f a r  from t h e  m i d l i n e  
I n c l u d e  t h e  c l o s e d  p e r i o d  i n  a t  l e a s t  p a r t  o f  t h e  s u p e r i o r -  
media l -going  p a r t  o f  t h e  t r a j e c t o r y .  The p e r t u r b a t i o n ,  
when p r e s e n t ,  o c c u r s  a t  t h e  end o f  t h e  c l o s e d  p e r i o d ,  and 
t h e  t r a j e c t o r y  i s  s u b s e q u e n t l y  l a t e r a l -  and i n f e r i o r - g o i n g  
d u r i n g  t h e  open p e r i o d .  For  more t h a n  h a l f  o f  t h e s e  p a r -  
t i c l e s  (=. , t h o s e  i n .  p a r t s  A ,  D ,  G ,  and- H )  , it  can  be  
de te rmined  e i t h e r  f rom t h e  s k e t c h e s ;  t h e  n o t e s ,  o r  t h e  r e -  
c o r d  o f  o b s e r v a t i o n  a n g l e s  i n  Tab le  7-1, t h a t  t h e  p a r t i c l e  
a p p e a r s  t o  be on a m e d i a l - f a c i n g  s u r f a c e  d u r i n g  a t  l e a s t  
p a r t  o f  t h e  open p e r i o d  though i t  i s  c l e a r l y  on t h e  s u p e r i o r  
s u r f a c e  f o r  much o f  t h e  c y c l e .  
I n  F i g s .  7-2G and H ,  " s imul t aneous"  t r a j e c t o r i e s  a r e  
shown f o r  2  and 3 p a r t i c l e s ,  r e s p e c t i v e l y .  That  i s ,  f o r  
b o t h  c a s e s ,  d a t a  were c o l l e c t e d  d u r i n g  a  p e r i o d  i n  which t h e  
phona to ry  s t z t e  o f  t h e  p r e p a r a t i o n  was a p p r o x i m a t e l y  con- 
s t a n t .  
I n  F i g .  7-2G, a s  d e s c r i b e d  above,  p a r t i c l e  2 (on t h e  
u n d e r s u r f a c e  o f  t h e  f o l d )  moves upwards and l a t e r a l l y  d u r i n g  
t h e  c l o s e d  p e r i o d  w h i l e  p a r t i c l e  l . ( o n  t h e  s u p e r i o r  s u r f a c e )  
moves upwards and m e d i a l l y .  Both t r a j e c t o r i e s  e x h i b i t  p e r -  
t u r b a t i o n s  a t  t h e i r  m e d i a l  e x t r e m e s .  The re  a p p e a r s  t o  be  
a p h a s e  l a g  o f  a b o u t  3 e i g h t h - c y c l e  i n c r e m e n t s  f rom p a r t s  o f  
t h e  t r a j e c t o r y  f o r  p a r t i c l e  2 t o  c o r r e s p o n d i n g  p a r t s  f o r  
p a r t i c l e  1. 
I n  F i g .  7-2H, t h e  t r a j e c t o r y  o f  p a r t i c l e  2 a c t u a l l y  
t o u c h e s  t h e  m i d l i n e .  A t  i t s  l a t e r a l  ex t reme ( p h a s e  4 ) ,  
p a r t i c l e  2  i s  l a t e r a l  t c  p a r t i c l e  3 ,  which i s  a p p r o a c h i n g  
i t s  m e d i a l  e x t r e m e .  T h i s  i l l u s t r a t e s  t h a t  t h e  t o t a l  h o r i -  
z o n t a l  e x c u r s i o n  o f  a  p a r t i c l e  i s  o f t e n  g r e a t e r  t h a n  t h e  
maximum h a l f - w i d t h  o f  t h e  g l o t t i s  i t s e l f ,  due t o  v e r t i c a l  
L2- p h a s e  d i f f e r e n c e s .  
P a r t i c l e s  1 and 3 i n  F i g .  7-2H'both have  v e r y  f l a t  t r a -  --x / 
j e c t o r i e s ,  t h e  fo rmer  p r i m a r i l y  v e r t i c a l  and t h e  l a t t e r  
p r i m a r i l y  h o r i z o n t a l .  C o n s i d e r i n g  d i s p l a c e m e n t  as p o s i t i v e  
d i r e c t e d  ou tward  from t h e  v o c a l  f o l d  s u r f a c e ,  t h e  t r a j e c -  
t o r y  o f  p a r t i c l e  1 l ags  beh ind  t h a t  o f  p a r t i c l e  3 by a b o u t  
5 p h a s e  i n c r e m e n t s .  On t h e  o t h e r  hand ,  i f  s u p e r o - l a t e r a l  
d i s p l a c e m e n t s  a r e  c o n s i d e r e d  p o s i t i v e  f o r  b o t h ,  t h e  forms 
o f  t h e  t r a j e c t o r i e s  become s t r i k i n g l y  similar, and  t h e  ap-  
p a r e n t  p h a s e  l a g  i s  o n l y  1 phase  i n c r e m e n t .  
C o n s i d e r i n g  t h e  t r a j e c t o r y  o f  p a r t i c l e  2 and  t h e  ac -  
companying i n f o r m a t i o n  i n  t h e  i n s e t  o f  F i g .  7-211, i t  i s  
no ted  t h a t  t h e  p a r t i c l e  moves from t h e  s u p e r i o r  s u r f a c e  o f  
t h e  f o . l d s  t o  t h e  u n d e r s u r f a c e  ( a t  phase  2 )  d u r i n g  t h e  c l o s e d  
p e r i o d .  During t h e  f i r s t  p a r t  o f  t h e  open p e r i o d ,  i t  i s  
c l e a r l y  on t h e  g l o t t a l  w a l l  r a t h e r  t h a n  t h e  s u p e r i o r  s u r f a c e  
o f  t h e  f o l d .  Comparing t h e  t r a j e c t o r y  of  p a r t i c l e  1 
(which i s  c l e a r l y  on t h e  s u p e r i o r  s u r f a c e ) ,  i t  c a n  be no ted  
t h a t  t h e  t r a j e c t o r i e s  i n t e r s e c t .  The p a r t i c l e s  a r e  a t  
abou t  t h e  same h o r i z o n t a l  l e v e l  n e a r  phase 6 ( t h e  l a t t e r  
p a r t  of t h e  open p e r i o d ) .  A t  phase 4 ,  d u r i n g  t h e  open 
p e r i o d ,  t h e y  a r e  n e a r l y  a l l i g n e d  v e r t i c a l l y .  A s t r a i g h t  
l i n e  drawn from p a r t i c l e  2 t o  p a r t i c l e  1 r o t a t e s  c o u n t e r -  
c l o c k w i s e  from approx imate ly  phase  7 t o  phase 4 ( t h e  c l o s e d  
p e r i o d  and p a r t  o f  t h e  open p e r i o d )  and t h e n  c l o c k w i s e  back 
t o  phase  7 ( t h e  r e s t  o f  t h e  open p e r i o d ) ?  
T r a j e c t o r i e s  o f  - Nearby P a r t i c l e s  
F i g .  7-3 shows t h e  p o s i t i o n s  o f  2 p a r t i c l e s  on a supra -  
g l o t t a l  s u r f a c e  d u r i n g  p a r t  o f  a g l o t t a l  c y c l e  i n c l u d i n g  t h e  
l a s t  p a r t  o f  t h e  c l o s e d  p e r i o d  and t h e  e a r l y  p a r t  o f  t h e  
open p e r i o d .  The p a r t i c l e s  a r e  c l o s e  enough t h a t  a s t r a i g h t  
l i n e  between them can be assumed t o  r e p r e s e n t  t h e  l o c a l  
o r i e n t a t i o n  o f  t h e  voca l - fo ld  s u r f a c e .  From a h o r i z o n t a l  
o r i e n t a t i o n  a t  phase  7 ,  t h e  l i n e  r o t a t e s  c o u n t e r c l o c k ~ ~ i s e  
t o  n e a r l y  a v e r t i c a l  o r i e n t a t i o n  a t  phase 3. For  t h e  r e s t  
o f  t h e  c y c l e ,  t h e  p a r t i c l e s  a r e  n o t  v i s i b l e  w i t h o u t  r o t a t i n g  
t h e  o p t i c a l  a x i s ,  s o  presumably t h e  s u r f a c e  i s  m e d i a l - f a c i n g .  
Yeasured f r o n t z l - p l a n e  ~ o s i t i o n s  of  t ~ o  s u p r a g l o t t a l  
p a r t i c l e s  d u r i n g  p a r t  of  a g i o t t a l  c y c l e .  The f o r n a t  o r  
this figure i s  similar t o  that of ?ig. 7-2. 
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S u p r a g l o t t a l  Wave 
Dur ing  p h o n a t i o n ,  a d i s p l a c e m e n t  wave c a n  be  q u i t e  
c l e a r l y  s e e n  p r o p a g a t i n g  i n  t h e  l a t e r a l  d i r e c t i o n  on  t h e  
s u p e r i o r  s u r f a c e  o f  t h e  v o c a l  f o l d .  The c r e s t  o f  t h i s  wave 
a p p e a r s  t o  b u i l d  up n e a r  t h e  m i d l i n e  d u r i n g  c l o s u r e  and i t  
c o n t i n u e s  t o  p r o p a g a t e  d u r i n g  t h e  open  p e r i o d .  From i n -  
f o r m a l  measurements ,  t h e  p r o p a g a t i o n  v e l o c i t y  o f  t h e  wave 
o v e r  t h e  muscu la r  p a r t  o f  t h e  s u p r a g l o t t a l  s u r f a c e  was de-  
t e r m i n e d  t o  be 0 . 3  t o  0 . 5  m/sec. 
F i g .  7-4 shows measurements  i n  t h e  f r o n t a l  p l a n e  o f  
t h e  p o s i t i o n  o f  t h e  e s t i m a t e d  wave peak  a t  e i g h t h - c y c l e  i n -  
c r e m e n t s  f o r  a  s i n g l e  r u n .  Wi th in  t h e  h a l f  c y c l e  f rom 
phase  3 t o  phase  7 ,  where t h e  measurement i s  o v e r  t h e  mus- 
c u l a r  p a r t  of  t h e  f o l d ,  t h e  a p p a r e n t  v e l o c i t y  i s  0 . 5  m/sec.  
a 
The l i n e s  drawn t h r o u g h  t h e  d a t a  p o i n t s  a t  p h a s e  i n c r e m e n t s  
0 ,  1, and 2 i n d i c a t e  s u c c e s s i v e  s h a p e s  o f  t h e  v o c a l  f o l d  
d u r i n g  t h e  c l o s e d  p e r i o d .  The e x t r a  r a p i d  movement f rom 
p h a s e  2 t o  phase  3 i s  p r o b a b l y  r e l a t e d  t o  g l o t t a l  o p e n i n g ,  
which o c c u r s  d u r i n g  t h i s  p e r i o d .  T h i s  f i g u r e  i l l u s t r a t e s  
t h a t  b u i l d u p  o f  t h e  wave seems a s s o c i a t e d  w i t h  t h e  c l o s e d  
p e r i o d ,  w h i l e  l a t e r a 1 , p r o p a g a t i o n  o v e r  t h e  muscu la r  p a r t  o f  
t h e  f o l d s  b e g i n s  d u r i n g  t h e  open  p e r i o d .  
j .  - 
G l o t t a l  C l o s u r e  
C l o s u r e ,  t hough  n o t  a n e c e s s a r y  p a r t  o f  p h o n a t i o n  i n  
g e n e r a l ,  a c c o u n t s  f o r  a  s i g n i f i c a n t  p a r t  o f  t h e  normal  
phona t  o r y  c y c l e .  It s h o u l d  be bo rne  mind,  however ,  t h a t  
FIGURE 7-4 
F r o n t a l  p l a n e  p o s i t i o n s  o f  a neak  of' t h e  su?raelottal 
I7 yave throu,o;!lout a cycle. l l n e s  shov! t h e  shanes o f  ? a r t  
o f  t h e  v o c a l  f o l d  s u r f a c e  c1url.n~; t h e  c l o s e d  n e r i o d .  The 
f o r m a t  o f  t h i s  f i g u r e  i s  s imi la r  t o  t h a t  o f  Fig. 7-2 .  
it  i s  a v a r i a b l e  phenomenon - o c c u r r i n g  t o  v a r y i n g  d e g r e e s  
and p o s s i b l y  i n  d i f f e r e n t  manners .  Thus,  r e s u l t s  of  measure-  
ments  on one  l a r y n x  o r  i n  one  r u n  may n o t  a p p l y  t o  o t h e r  
l a r y n x e s  o r  o t h e r  r u n s .  
S e v e r a l  r e s u l t s  have  a l r e a d y  been  n o t e d : -  F i g s .  7-2G 
and  H i n d i c a t e  t h a t  c l o s u r e  i s . a  w a v e l i k e  phenomenon, a t  
l e a s t  i n  t h e  s e n s e  t h a t  p a r t i c l e s  j u s t  below t h e  r e g i o n  o f  
c l o s u r e  move l a t e r a l l y  w h i l e  t h o s e  j u s t  above i t  o r  l a t e r a l  
t o -  i t  move toward  m i d l i n e .  Fig. 7-2H seems t o  i n d i c a t e  t h a t  
t h e  r e g i o n  o f  c l o s u r e  c a n  p r o p a g a t e  p a s t  a p a r t i c l e ,  s o  t h a t  
t h e  p a r t i c l e  i s  above c l o s u r e  a t  one phase  i n c r e m e n t  b u t  
below i t  a t  t h e  s u c c e e d i n g  i n c r e m e n t .  A l s o ,  was n o t e d  
a t  t h e  b e g i n n i n g  o f  t h i s  c h a p t e r  t h a t  t h e  d e p t h  o f  c l o s u r e  
i n f i n i t e s i m a l l y  s m a l l  j u s t  b e f o r e  t h e  
6-2 
g l o t t i s  opens .  
Q u a l i t a t i v e  o b s e r v a t i o n s  f rom t h e  s u b g l o t t a l  a s p e c t  
i n d i c a t e  t h a t  t h e  v o c a l  f o l d s  o f t e n  form a n  a c u t e  a n g l e  i n  
t h e  f r o n t a l  p l a n e  a t  t h e  i n i t i a t i o n  o f  c l o s u r e ,  as s k e t c h e d  
i n  F i g .  7-5A. However, n e a r  t h e  end o f  t h e  c l o s e d  p e r i o d ,  
t h e  u n d e r s u r f a c e  i s  o f t e n  more dome-shaped, as s k e t c h e d  i n  
F i g .  7-58. 
Some o b s e r v a t i o n s  a r e  a l s o  i n  o r d e r  c o n c e r n i n g  t h e  i m -  
p o r t a n c e  o f  s u r f a c e  t e n s i o n  between t h e  two f o l d s  d u r i n g  
c l o s u r e .  I n  s e v e r a l  e x p e r i m e n t s ,  a t t e m p t s  were made t o  v a r y  
t h e  s u r f a c e  p r o p e r t i e s  u s i n g  s o a p  s o l u t i o n  and p h o t o g r a p h i c  
w e t t i n g  a g e n t s .  It was n o t  p o s s i b l e  t o  d o  s y s t e m a t i c  
FIGURE 7-5 
s c h e m a t i c  dra-wine s h o v r i n ~  t h e  shape o f  t h e  s u b c l o t  t a l  
s u r f a c e  of  bhe  f o l d s  d u r i n g  the c l o s e d  p e r i o d .  
( A )  E e g i n n i n y  o f  tlle c l o s e d  p e r i o d .  
( 3 )  End o f  t h e  c l o s e d  p e r i o d .  
e x p e r i m e n t s  o f  t h i s  t y p e ,  b u t  i n  i n f o r m a l  e x p e r i m e n t s ,  no 
g r o s s  e f f e c t  on p h o n a t i o n  was n o t e d .  Some minor  e f f e c t s  o f  
s u r f a c e  t e n s i o n  i n  s t a t i c  s i t u a t i o n s  were o b s e r v e d ,  however .  
With t h e  l a r y n x  i n  a c o m p l e t e l y  a d d u c t e d  s t a t e  and w i t h  no 
s u b g l o t t a l  p r e s s u r e  a p p l i e d ,  h e a t i n g  o f  t h e  - s u b g l o t t a l  t r a c t  
( s e e  Chap. 5 )  c a u s e d  a b u i l d u p  o f  s u b g l o t t a l  p r e s s u r e  t o  
a b o u t  cm. a b o u t  t h a t  p r e s s u r e ,  s u r f a c e  
t e n s i o n  was overcome,  t h e  g l o t t i s  opened momen ta r i l y  t o  r e -  
l e a s e  t h e  p r e s s u r e ,  and t h e n  t h e  c y c l e  was r e p e a t e d .  Thus ,  
r e l a x a t i o n  o s c i l l a t i o n s  were produced  as a r e s u l t  o f  s u r -  
f a c e  t e n s i o n .  Under some o t h e r  c o n d i t i o n s  w i t h  t h e  g l o t t i s  
n e a r l y  c l o s e d ,  s u r f a c e  e f f e c t s  c a u s e d  i t  t o  c l o s e  cornplete- 
l y ,  s t a r t i n g  from t h e  e n d s .  
F i g u r e  7-6 shows measurements  of  t h e = v e r t i c a l  p o s i t i o n  
o f  t h e  t o p  and  bo t tom o f  c l o s u r e  as a f u n c t i o n  o f  phase  
d u r i n g  t h e  c l o s e d  p e r i o d s  of a p h o n a t o r y  c y c l e .  The d e p t h  
o f  c l o s u r e  i s  l a r g e  ( o v e r  3 mm.) n e a r  t h e  b e g i n n i n g  o f  t h e  
c l o s e d  i n t e r v a l .  The l o c u s  o f  t h e  bo t tom o f  c l o s u r e  moves 
upward c o n t i n u o u s l y  d u r i n g  t h e  h a l f  c y c l e  t h a t  t h e  g l o t t i s  
i s  c l o s e d .  Dur ing  one  e i g h t h - c y c l e  i n t e r v a l  . ( 1 . 5  m s e c . ) ,  
i t  moves up  a l m o s t  3 rnm. The l o c u s  of  t h e  uppe r  edge o f  
c l o s u r e  a l s o  moves up c o n t i n u o u s l y  b u t  a t  a s l o w e r  r a t e .  
A t  t h e  l a s t  measurement phase  w i t h i n  t h e  c l o s e d  p e r i o d ,  t h e  
d e p t h  o f  c l o s u r e  i s  a b o u t  0 . 1  mm. 
Fig. 7-7 shows t h e  p o s i t i o n  o f  t h e  u p p e r  end o f  
- V e r t i c a l  l o c a t i o n  o f  c l o s u r e  d u r i n g  t h r e e  phase  
i n c r e m e n t s  o f  a  c l o s e d  ~ e r i o d .  The p l o t t i n g  sym5ols  r e p r e s e n t  
t h e  measured s u p e r i o r  and i n f e r i o r  v e r t i c a l  b o u n d a r i e s  o f  
t h e  r e g i o n  o f  c o n t a c t  between t h e  f o l d s .  The l l n e  c o n n e c t i n g  
them r e p r e s e n t s  t i l e  v e r t i c a l  e x t e n t  of  t h i s  c o n t a c t .  
PHASE ( 1/8 CYCLE/DIVISION ) 
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T r a j e c t o r y  t h r o u g h  a  h a l f  c y c l e  o f  a  s u p r a g l o t t a l  
p a r t i c l e  and  c o r r e s p o n d i n g  l o c u s  o f  t h e  s u p e r i o r  e d c e  o f  t h e  
regLon o f  c l o s u r e .  A t  phase  4 t h e  p a r t i c l e  i s  a t  t h e  u p p e r  
b o r d e r  o f  c l o s u r e .  3.est p o s i t i o n s  ( w i t h  Ps=Q)  o f  b o t h  t h e  
p a r t i c l e  and t h e  r e ~ i o n  o f  c l o s u r e  a r e  shovn .  The s t a t i c  
p o s i t i o n  o f  t ? l e  p a r t i c l e  ( w i t h  Ps=2  cm. 2?S) i s  a l s o  i n d i -  
c a t e d .  A t  t h i s  p r e s s u r e  t h e  g l o t t i s  was open .  
1 I 1 
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I 
c l o s u r e  and o f  a p a r t i c l e  on t h e  s u p r a g l o t t a l  s u r f a c e  d u r i n g  
t h e  c l o s e d  p e r i o d  ( f o r  a l a r y n x  d i r f e r e n t  f rom.  t h a t  I n  
F i g .  7 - 6 ) .  (The g l o t t i s  i s  a c t u a l l y  b e g i n n i n g  t o  open  a t  
p h a s e  4 .  A t  t h e  p h a s e  i n c r e m e n t s  p r e c e d i n g  and f o l l o w i n g  
t h e  i n t e r v a l  shown, t h e  p a r t i c l e  i s  n o t  v i s i b l e  f rom a n  
o p t i c a l  a x i s  p a r a l l e l  t o  t h e  Y a x i s . )  The p a r t i c l e  and  
u p p e r  edge  o f  c l o s u r e  b o t h  move upwards and t h e  p a r t i c l e  
a l s o  moves m e d i a l l y  d u r i n g  t h e  c l o s e d  p e r i o d .  A t  p h a s e  4 ,  
t h e  p a r t i c l e  i s  e s s e n t i a l l y  a t  t h e  m i d l i n e ,  and It moves 
r e l a t i v e l y  i n f e r i o r  t o  t h e  edge  as t h e  g l o t t i s  o p e n s .  A t  
f i r s t  t h e  l o c u s  o f  c l o s u r e m o v e s  up f a s t e r  t h a n  t h e  p a r -  
t i c l e ,  b u t  as t h e y  become c l o s e r ,  t h e y  move a t  t h e  same 
r a t e .  
I n  F i g .  7-7, t h e  i n i t i a l  r e s t  p o s i b 2 o n  ( w i t h  z e r o  sub-  
g l o t t a l  p r e s s u r e )  o f  b o t h  t h e  t o p  o f  c l o s u r e  and  t h e  p a r -  
t i c l e  a r e  i n d i c a t e d .  Fo r  t h e  c l o s u r e . ,  t h i s  p o s i t i o n  i s  
s l i g h t l y  above  t h e  l o w e s t  l e v e l  d u r i n g  p h o n a t i o n .  F o r  t h e  
p a r t i c l e ,  t h e  r e s t  p o s i t i o n  i s  v e r t i c a l l y  be low i t s  l o w e s t  
p o s i t i o n  d u r i n g  p h o n a t i o n .  F o r  t h e  p a r t i c l e ,  t h e  r e s t  po- 
s i t i o n  i s  v e r t i c a l l y  below i t s  l o w e s t  p o s i t i o n  d u r i n g  t h e  
c l o s e d  p e r i o d  and h o r i z o n t a l l y  i n  t h e  m i d d l e  o f  t h e  r a n g e  
- 
j < ,  - 
.. - i t  sweeps d u r i n g  t h e  c l o s e d  p e r i o d .  When t h e  p r e s s u r e  i s  
i n o r e a s e d  t o  2 cm. H20, t h e  s t a t i c  p o s i t i o n  o f  t h e  g l o t t i s  
i s  open ,  and t h e  p a r t i c l e  moves up a n d  o u t ,  as shown. 
A s  t h e  s u b g l o t t a l  p r e s s u r e  I s  i n c r e a s e d t o  3 cm. H20 and  
beyond,  p h o n a t i o n  i s  i n i t i a t e d ,  b u t  presumably  t h e  a s s o c i a t -  
e d  " s t a t i c  o p e r a t i n g  p o i n t "  moves i n s i d e  t h e  t r a j e c t o r y .  
S u b g l o t t a l  P r e s s u r e  \laveform 
I n  much o f  t h e  work r e p o r t e d  h e r e ,  t h e  s u b g l o t t a l  p r e s -  
s u r e  waveform was o b t a i n e d  from t h e  Sanborn  P h y s i o l o g i c a l  
P r e s s u r e  T r a n s d u c e r  coup led  t o  t h e  pseudo- t r achea  w i t h  a 
1 6  g a .  hypodermic n e e d l e .  T h i s  sys t em had a poor  f r e q u e n c y  
r e s p o n s e .  However, a  few r u n s  were made w i t h  t h e  m i n i a t u r e  
e l e c t r e t  c o n d e n s e r  microphone (The rmoe lec t ron  5336 CX) 
mounted i n  t h e  w a l l  o f  t h e  p s e u d o t r a c h e a  ( s e e  Chap. 5).. I n  
b o t h  c a s e s ,  t h e  l o c a t i o n  o f  t h e  t r a n s d u c e r s  was on t h e  
l a t e r a l  wall o f  t h e  p s e u d o t r a c h e a  a b o u t  1 0  crn. f rom t h e  
g l o t t i s .  A t  t h i s  d i s t a n c e ,  d i f f e r e n c e s  a r e  e x p e c t e d  be- 
tween  t h e  measured waveform and t h e  a c t y a l  waveform j u s t  
below t h e  g l o t t i s ,  b u t  o n l y  f o r  s p e c t r a l  components i n  t h e  
r a n g e  o f  850 Hz ( t h e  1 / 4  wavelength  f r equency  c o r r e s p o n d i n g  
. t o  1 0  cm.) and above .  
The s u b g l o t t a l  p r e s s u r e  waveform e x h i b i t e d  r i n g i n g  be- 
h a v i o r  w i t h  b o t h  t r a n s d u c e r s ,  d e m o n s t r a t i n g  a l a r g e  s p e c t r a l  
component a round  300-400 Hz, a p p a r e n t l y  c o r r e s p o n d i n g  t o  a 
r e s o n a n c e  f r e q u e n c y  o f  t h e  s u b g l o t t a l  t r a c t  ( s e e  Chap. 5 ) .  
No r e a l  e f f o r t  was made e i t h e r  t o  change t h e  l e n g t h  o r  t h e  
d e g r e e  o f  damping i n  t h e  s u b g l o t t a l  t r a c t ,  o r  t o  u s e  g a s e s  
o t h e r  t h a n  a i r ,  s o  t h e  dependence o f  t h i s  phenomenon o n  t h e  
d e t a i l s  o f  t h e  s u b g l o t t a l  t r a c t  was n o t  examined.. 
180 
F i g .  7-8 shows a s k e t c h  o f  a t y p i c a l  waveform o b t a i n e d  
from t h e  microphone.  Though t h e  forms o f  t h e  waveform from 
t h e  microphone and t h e  Sanborn t r a n s d u c e r  were s imilar ,  
t h e r e  were s y s t e m a t i c  d i f f e r e n c e s  when r e l a t i n g  t h e  t r a n s -  
d u c e r  o u t p u t s  t o  t h e  g l o t t a l  a r e a  waveform. For  b o t h ,  t h e  
b road  r e l a t i v e  minimum p r e c e d i n g  t h e  major  peak i n  t h e  wave- 
form cor responded  c l o s e l y  t o  t h e  maximum i n  t h e  g l o t t a l  a r e a  
waveform. T h i s  seemed t o  be t h e  most s t a b l e  c o r r e l a t e .  The 
maximum of t h e  f i r s t  ( l a r g e )  peaks l e a d s  t o  t h e  o n s e t  o f  
c l o s u r e  ( o r  minimum g l o t t a l  a r e a )  by a s  much a s  0 . 1  o r  0 . 2  
c y c l e s  f o r  t h e  e l e c t r e t  microphone, o r  l a g s  c l o s u r e  some- 
what f o r  t h e  Sanborn t r a n s d u c e r .  F e l e a s e  o f  g l o t t a l  c l o -  
s u r e s  (when i t  o c c u r s )  does no t  always co r respond  t o  a  spe -  
c i f i c  a s p e c t  o f  t h e  p r e s s u r e  waveform. 0 
Peak-to-peak s u b g l o t t a l  p r e s s u r e  ampl i tudes  as measured 
w i t h  t h e  microphone were l e a s t  much cm. 
35$ o f  t h e  a v e r a g e  s u b g l o t t a l  p r e s s u r e )  i n  one c a s e  and 
p o s s i b l y  a s  much a s  1095 o f  t h e  ave rage  p r e s s u r e  (8 cm. H20) 
i n  a n o t h e r  c a s e .  The e x a c t  maximum v a l u e  i s  u n c l e a r  be- 
cause  o f  a l o s s  of microphone s e n s i t i v i t y  ( o v e r  a p e r i o d  o f  
d a y s ) ,  t h e  t i m e  c o u r s e  of  which was n o t  fo l lo t r ed .  
1 B  A n a l y s i s  and  Discuss ion  
-
Genera l  I s s u e s  i n  t h e  I n t e r p r e t a t i o n  o f  R e s u l t s  
I n  i n t e r p r e t i n g  t h e  r e s u l t s  o f  t h e s e  e x p e r i m e n t s ,  i t  
i s  u s e f u l  t o  b e a r  i n  mind t h e  o f t e n - r e p e a t e d  warning  from 
S c h e n a t i c  s lce tch  o f  a  t : r p i c a l  waveform f rom t h e  
s u b g l o t t a l  electret microphone .  

van den  Berg  and Tan (1959) t h a t  "each  l a r y n x  s a n g  a f t e r  i t s  
own f a s h i o n " .  Not o n l y  were t h e r e  s t r i k i n g  i n t e r - l a r y n x  
d i f f e r e n c e s  (as e v i d e n c e d  i n  t h e  t r a j e c t o r i e s  and  q u a l i t a -  
t i v e  s k e t c h e s  i n  F i g .  7 - 2 ) ,  b u t  a l s o  t h e r e  were i n t r a - l a r y n x  
d i f f e r e n c e s  f o r  d i f f e r e n t  r u n s  o r  d i f f e r e n t  c o n d i t i o n s .  I n  
examin ing  t h e s e  d a t a  t o  uncove r  t h e  i m p o r t a n t  a s p e c t s  o f  
t h e  p h o n a t o r y  p r o c e s s ,  i t  s h o u l d  be  remembered t h a t  t h e r e  
may b e  d i f f e r e n t  mechanisms o f  p h o n a t i o n  o r  t h a t  d i f f e r e n t  
a s p e c t s  may p r e d o m i n a t e  under  d i f f e r e n t  c o n d i t i o n s .  I n  
F i g .  7 -2 ,  f o r  example ,  t h e r e  a r e  s t r i k i n g  d i f f e r e n c e s  be- 
tween  t h e  s k e t c h e s  i n  t h e  i n s e t s  f o r  p a r t s  C ,  D ,  and G .  
Another  example i s  t h a t  a l t h o u g h  F i g .  7-3 i n d i c a t e s  c o u n t e r -  
r\ c l o c k w i s e  r o t a t i o n  o f  t h e  s u p r a g l o t t a l  s u r f a c e  d u r i n g  t h e  4 
c l o s e d  p e r i o d  and  e a r l y  open p e r i o d  (and  t h i s  was q u a l i t a -  
L- 
t i v e l y  o b s e r v e d  t o  o c c u r  i n  many r u n s ) ,  t h e  s k e t c h e s  i n  p a r t s  
C and  G o f  F i g .  7-2 and t h e  d a t a  i n  F i g .  7-7 seem t o  i n d i -  
c a t e  a d i f f e r e n t  t y p e  o f  b e h a v i o r .  
i m p o r t a n t  t o  c o n s i d e r  t h e  r e l a t i o n s h i p  be tween  
t h e  p a r t i c l e  t r a j e c t o r i e s  and t h e  v i b r a t i o n s  o f  t h e  v o c a l  
f o l d  t i s s u e s .  The p o s i t i o n  o f  a p a r t i c l e  a lways  i n d i c a t e s  
t h e  p o s i t i o n  o f  t h e  v o c a l  f o l d  s u r f a c e ,  o f  c o u r s e .  - However, 
we must c o n s i d e r  whe the r  a p a r t i c l e  a d h e r e s  t i g h t l y  t o  t h e  
s u r f a c e  t i s s u e  l a y e r  o r  whe the r  i t  s l i d e s  a c r o s s  i t  d u r i n g  
t h e  c y c l e .  (The p a r t i c l e s  h a v e ,  a f t e r  a l l ,  mass s u b j e c t  t o  
i n e r t i a l  e f f e c t s  and s u r f a c e  a r e a  exposed  t o  aerodynamic  
f o r c e s . )  F u r t h e r m o r e ,  i f  a p a r t i c l e  a d h e r e s  t o  t h e  s u r f a c e  
l a y e r ,  w e  must s t i l l  c o n s i d e r  t h e  r e l a t i o n s h i p  be tween  t h e  
s u r f a c e  t i s s u e s  and  t h e  u n d e r l y i n g  s t r u c t u r e s  s u c h  a s  t h e  
v o c a l  l i g a m e n t  ( s e e , f o r  example,  H i r a n o ,  1 9 7 4 ) .  ( I n  a n a l o g y ,  
t h e  s k i n  o n  many body s u r f a c e s ,  such  a s  a n t e r i o r  t o  t h e  
l a r y n x ,  and  t h e  mucosa i n s i d e  t h e  mouth ~ e e m ' ~ u i t e  mob i l e  
o v e r  t h e i r  u n d e r l y i n g  s t r u c t u r e s . )  I n  examin ing  t h e s e  
i s s u e s ,  i t  was n o t e d  t h a t  t h e r e  were some c a s e s  where t h e r e  
was a t h i c k  l a y e r  of  mucous o r  s o f t  mucosa ( e s p e c i a l l y  i n  
o l d  p r e p a r a t i o n s ) .  I n  t h e s e  c a s e s ,  some p a r t i c l e s  s l i d  
a l o n g  t h e  o u t e r  s u r f a c e  w h i l e  o t h e r s  seemed c l o s e l y  a s s o -  
c i a t e d  w i t h  t h e  u n d e r l y i n g  t i s s u e s .  Thus,  i t  i s  i n  f a c t  
p o s s i b l e  t h a t  t h e r e  a r e  s y s t e m a t i c  p a r t i c l e  movements w i t h  
r e s p e c t  t o  t h e  u n d e r l y i n g  t i s s u e  d u r i n g  t h e  c y c l e ,  b u t  i t  
i s  f e l t  t h a t  i n  most c a s e s  t h e s e  would h ~ v e  been  d e t e c t e d  
d u r i n g  t h e  measurement p r o c e d u r e .  Al though t h e  main r e a s o n  
f o r  u s i n g  t h e  p a r t i c l e s  i s  t h e  l a c k  o f  good landmarks  on 
t h e  t i s s u e s  t h e m s e l v e s  t o  s e r v e  as r e f e r e n c e  p o i n t s  f o r  
measurements ,  i t  i s  f e l t  t ha t  t h e r e  were u s u a l l y  s u f f i c i e n t  
l andmarks  on  t h e  p r e p a r a t i o n s  f o r  t h e s e  e x p e r i m e n t s  t o  de-  
t e c t  p a r t i c l e  movements w i t h  r e s p e c t  t o  them. Whether o r  
n o t  t h e  l i g a m e n t  o r  o t h e r  s t r u c t u r e s  c a n  move indepen-  
d e n t l y  f rom t h e  s u r f a c e  t i s s u e  i s  a  m a t t e r  f o r  f u r t h e r  
d i s c u s s i o n  and r e s e a r c h .  
I n t e r p r e t a t i o n  o f  - V i b r a t i o n s  a s  - S u r f a c e  'G!aves 
On o b s e r v a t i o n ,  v i b r a t i o n s  o f  t h e  ( s u b g l o t t a l  
1P5 
and s u p r a g l o t t a l )  r e g i o n s  w e l l  o f f  t h e  m i d l i n e  a p p e a r  l i k e  
s u r f a c e  waves p r o p a g a t i n g  up t h e  g l o t t a l  'walls on t h e  l o w e r  
p a r t  and l a t e r a l l y  on t h e  s u p r a g l o t t a l  s u r f a c e .  The measur- 
ed t r a j e c t o r i e s  o f  p a r t i c l e s  w e l l  o f f  t h e  m i d l i n e  such  as  i n  
p a r t s  E and F and p a r t i c l e  1 and 3 o f  p a r t  H o f  F i g .  7-2 
seem c o n s i s t e n t  w i t h  t h i s  i n t e r p r e k a t i o n .  I n  s h a p e ,  t h e y  
a r e  r o u g h l y  e l l i p t i c a l ,  and t h e y  t r a v e r s e  t h i s  shape  i n  t h e  
cloclcwise d i r e c t i o n  ( f o r  t h e  c o o r d i n a t e  sys t em u s e d ,  i n  
which t h e  l a t e r a l  d i r e c t i o n  i s  t o  t h e  r i g h t ) .  ( I t  may b e  
n o t e d  t h a t  similar t r a j e c t o r i e s  a p p l y  t o  p a r t i c l e s  on t h e  
s u r f a c e  o f  w a t e r  w i t h  l o n g  wavelength  waves p r o p a g a t i n g  i n  
t h e  same d i r e c t i o n ) .  P a r t i c l e  v e l o c i t i e s  a round t h e  t r a -  
j e c t o r l e s  a r e  n o t  un i form.  F o r  example,  i n  p a r t  E o f  F i g .  
7-2, v e l o c i t i e s  a r e  s m a l l e r  i n  t h e  l a t e r a J  p a r t .  o f  t h e  
t r a j e c t o r y  t h a n  i n  t h e  med ia l  p a r t ,  and i n  p a r t  F t h e y  a r e  
s m a l l e r  i n  t h e  s u p e r i o r  p a r t  t h a n  t h e  i n f e r i o r  p a r t .  I n  
t e r m s  o f  presumed s u r f a c e  waves,  t h e s e  r e s u l t s  would i n d i -  
c a t e  a b road  t r o u g h  and  s h a r p  peak on t h e  lower  p a r t  o f  
t h e  f o l d  i n  p a r t  E ,  and a  broad  peak and s h a r p  t r o u g h  on 
t h e  s u p r a g l o t t a l  s u r f a c e  i n  p a r t  F. F o r  p a r t i c l e  3 i n  
p a r t  H o f  F i g .  7-2 ,  v e l o c i t y  i s  rough ly  symmetr ic  a round 
b o t h  a x e s  o f  t h e  e l l i p s e ,  a s  would o c c u r  f o r  a more sym- 
m e t r i c  s u r f a c e  w a v e .  These o b s e r v a t i o n s  abou t  t h e  forms 
o f  t h e  presumed s u r f a c e  waves a r e  c o n s i s t e n t  w i t h  t h e  
r e l a t i v e  d u r a t i o n s  o f  t h e  c l o s e d  p e r i o d s i n  p a r t s  F and H 
o f  t h e  f i g u r e .  
0 
To i n t e r p r e t  t i s s u e  v i b r a t i o n s  as s u r f a c e  waves becomes 
more d i f f i c u l t  n e a r e r  t h e  m i d l i n e ,  due  t o  t h e  o c c u r r e n c e  o f  
g l o t t a l  c l o s u r e  and t o  t h e  f a c t  t h a t  t n e  f o l d  h a s  a n  e d g e .  
P a r t i c l e s  i n  t h e s e  r e g i o n s ,  i t  was n o t e d ,  have  g e n e r a l l y  
more complex t r a j e c t o r i e s ,  which c a n  be  s e p a r a t e d  i n t o  a 
r o u g h l y  e l l i p t i c a l  p a r t  and a p e r t u r b a t i o n .  F o r  s u p r a g l o t -  
t a l  p a r t i c l e s ,  t h e  p e r t u r b a t i o n  seems t o  j u s t  p r e c e d e  o r  
c o i n c i d e  w i t h  o p e n i n g .  When t h e  o c c u r s ,  v e l o -  
c i t i e s  a r e  r e l a t i v e l y  s m a l l  d u r i n g  t h e  p e r t u r b a t i o n  and  
r e l a t i v e l y  l a r g e  f o l l o w i n g  i t .  One may wonder,  o n  t h e  
b a s i s  o f  t h i s  e v i d e n c e ,  whe the r  t h e  p e r t u r b a t t o n  i s  a s s o -  
c i a t e d  w i t h  s u r f a c e  t e n s i o n  o r , s o m e  o t h e r  phenomenon c a u s i n g  
e n e r g y  s t o r a g e  d u r i n g  c l o s u r e .  I n  t h e  c a s e  o f  a t  l e a s t  one  
0 
s u b g l o t t a l  p a r t i c l e  ( p a r t i c l e  2  i n  p a r t  G o f  F i g .  7-2) a 
p e r t u r . b a t i o n  j u s t  p r e c e d e s  c l o s u r e .  I n  t h i s  c a s e ,  i t  c a n n o t  
be  due  t o  s u r f a c e  t e n s i o n ,  s i n c e  t h i s  f o r c e  r e q u i r e s  c o n t a c t  
be tween  t h e  two s i d e s .  
The n o t e s  and s k e t c h e s  a s s o c i a t e d  w i t h  F i g .  7 - 2 s u g g e s t  
t h a t  t h e  p e r t u r b a t i o n s  a r e  o f t e n  a s s o c i a t e d  w i t h  t h e  p a s s a g e  
o f  a " c o r n e r "  o r  r i p p l e  ( i . e .  a d i s p l a c e m e n t  wave) p a s t  t h e  
p a r t i c l e s .  I n  p a r t  D ,  f o r  example ,  t h e  s k e t c h ' s h o w s  a  
c o r n e r  m e d i a l  t o  t h e  p a r t i c l e  a t  phase  1, s l i g h t l y  l a t e r a l  
t o  i t  a t  p h a s e  2 ( t h e  t i p  o f  t h e  p e r t u r b a t i o n ) ,  and  f u r t h e r  
l a t e r a l  a t  p h a s e  3.  I n  p a r t  G a  peak  b u i l d s  up m e d i a l  t o  
t o  p a r t i c l e  1 between phases  2 and 3 and  moves p a s t  i t  d u r -  
i n g  p h a s e s  4 and 5. P a r t i c l e  2  i s  a p p a r e n t l y  s u p e r i o r  t o  a 
r i p p l e  a t  p h a s e  3 ,  s i n c e  i t  i s  obscured  from t h e  s u b g l o t t a l  
a s p e c t .  A s  t h e  n o t e s  i n  t h e  i n s e t  o f  t h e  f i g u r e  i n d i c a t e ,  
t h e  r i p p l e  a p p a r e n t l y  moves c l o s e r  t o  t h e  p a r t i c l e  a t  p h a s e  4 
and i s  v e r y  n e a r  t h e  p a r t i c l e  a t  phase  5 .  A t  phase  6 ,  t h e  
r i p p l e  h a s  a p p a r e n t l y  moved p a s t  t h e  p a r t i c l e ;  s i n c e  i t  i s  
v i s i b l e  f rom below.  ( T h i s  does  n o t  seem t o  a g r e e  w e l l  w i t h  
tHe f a c t  t h a t  t h e  p e r t u r b a t i o n  Is c e n t e r e d  between phases 6 
and  7 .  I t  c o u l d  b e  no ted  t h a t  t h e  c l o s u r e  o c c u r s  between 
p h a s e s  6 and 7 ,  a t  a  l e v e l  somewhat s u p e r i o r  t o  t h e  p a r t i c l e .  
P o s s i b l y ,  t h e n ,  t h e  p e r t u r b a t i o n  i s  more d i r e c t l y  r e l a t e d  
t o  c l o s u r e  i t s e l f  t h a n  t o  wave phenomenon.) 
G l o t t a l  c l o s u r e  shows a p p a r e n t  wave l ike  p r o p e r t i e s .  
L1 
The regLon o f  c l o s u r e  p r o g r e s s e s  upward s o  t h a t  t i s s u e s  
below c l o s u r e  move away w h i l e  t i s s u e s  above move toward  mid- 
l i n e ,  as s k e t c h e d  i n  F i g .  7-9. Ind iv1 ,dua l  p a r t i c l e s  n e a r  
t h e  m i d l i n e  a l s o  move up d u r i n g  c l o s u r e ,  b u t  c l o s u r e  i t s e l f  
moves up f a s t e r .  As shown d r a m a t i c a l l y  w i t h  p a r t i c l e . 2  i n  
p a r t  H o f  F i g .  7-2, c l o s u r e  can  move p a s t  a p a r t i c l e .  
We have  n o t  e s t a b l i s h e d  whether  v i b r a t i o n  p a t t e r n s  can 
- 
= b e  a c c u r a t e l y  d e s c r i b e d  s imply  as a s u r f a c e  wave phenomenon. 
j i  
IIowever, assuming s u c h  a d e s c r i p t i o n ,  we can  e s t i m a t e  ap- 
p a r e n t  wave v e l o c i t y  on t h e  med ia l  s u r f a c e  from t h e  two 
s e t s  o f  s i m u l t a n e o u s  t r a j e c t o r i e s  i n  p a r t s  G and H o f  
F i g .  7-2. I n  p a r t  G ,  t h e r e  a p p e a r s  t o  be  a 3/8 c y c l e  
FIGURE 7-9 
S k e t c h  s h o v i n g  t h e  mechanism by which t h e  l o c u s  o f  
c l o s u r e  moves upward. The s o l i d  l i n e  r e p r e s e n t s  t h e  f r o n t a l  
s e c t i o n  a t  one  i n s t a n t  d u r i n g  t h e  c l o s e d  p e r i o d .  The 
b roken  l i n e  r e p r e s e n t s  t h e  f r o n t a l  s e c t i o n  a t  a  s u b s e q u e n t  
i n s t a n t .  The a r r o w s  i n d i c a t e  t h a t  t i s s u e s  below c l o s u r e  . 
move l a t e r a l l y  and s u p e r i o r l y ,  w h i l e  t i s s u e s  above c l o s u r e  . 
move rned ia l ly  and  s u p e r i o r l y .  

( 2 . 7  msec)  d e l a y  be tween  c o r r e s p o n d i n g  p a r t s  o f  t h e  t ra-  
j e c t o r i e s  f rom p a r t i c l e  2  t o  p a r t i c l e  1. The d i s t a n c e  be- 
tween  p a r t i c l e  2  a t  p h a s e  6 and  p a r t i c l e  1 a t  p h a s e  1 ( f o r  
b o t h  c a s e s ,  t h e  p a r t i c l e  i s  presumably  n e a r  t h e  wave c r e s t )  
i s  a b o u t  2 .7  mm. ( T h i s  i s  s t r a i g h t  l i n e  d i s t a n c e ,  as oppos-  
e d  t o  d i s t a n c e  a l o n g  t h e  s u r f a c e ,  b u t  t h e  d i f f e r e n c e s  s h o u l d  
b e  small a t  t h e s e  p h a s e s . )  The p r o p a g a t i o n  v e l o c i t y  i s  
t h u s  on  t h e  o r d e r  o f  1 . 0  m/sec.  S i m i l a r l y ,  f o r  t h e  t r a -  
j e c t o r i e s  i n  p a r t  H y  t h e r e  i s  a n  a p p a r e n t  p h a s e  l a g  o f  1 /2  
c y c l e  ( 5 msec . )  f rom p a r t i c l e  3  t o  p a r t i c l e  2 ,  and  a n o t h e r  
1 / 8  c y c l e  ( 1 . 3  msec.) f rom p a r t i c l e  2  t o  p a r t i c l e  1. The 
s e p a r a t i o n  o f  t h e s e  p a r t i c l e s  t h e  a p p r o p r i a t e  d e l a y s  
a p p r o x i m a t e l y  5 .0  mm. and 1.5.mm. r e s p e c t i v e l y ,  measured 
w i t h  p a r t i c l e  2 a round  p h a s e s  0, 1 o r  2  (when i t  i s  n e a r  
U 
t h e  c o r n e r  o f  t h e  f o l d ) .  Thus,  a g a i n  t h e  d e r i v e d  p ropaga -  
t i o n  v e l o c i t i e s  a r e  on  t h e  o r d e r  o f  1 . 0  m/sec.  T h i s  v a l u e  
may b e  compared w i t h  t h e  v a l u e  o f  1 . 6  m/sec.  r e p o r t e d  by 
von G i e r k e  e t  a l .  (1952)  on  human s k i n  on s u c h  p l a c e s  as t h e  
t h i g h  o r  f o r e a r m .  A s  d i s c u s s e d  e a r l i e r ,  however ,  wave ve- 
l o c i t y  on t h e  more l a t e r a l  p a r t s  o f  t h e  s u p e r i o r  s u r f a c e  
d r o p s  t o  0 .3  t o  0 . 5  m/sec. ,  p e r h a p s  b e c a u s e  t h e  membranes 
- 
-. 
a r e  more s l a c k  o r  because  t h e  e f f e c t i v e  t h i c k n e s s  i s  g r e a t e r .  
I n  p a r t  H o f  F i g .  7 - 2 ,  t h e  p h a s e  l a g  f rom p a r t i c l e  3 
t o  p a r t i c l e  1 h a s  a l r e a d y  been d e s c r i b e d  as  5/8 c y c l e  u s i n g  
t h e  su r f ace -wave  d e s c r i p t i o n  ( i . e .  w i t h  t h e  p o s i t i v e  d i -  
rection of displacement directed outward from the fold), 
or 1/8 cycle if the sense of one of them Is reversed. That 
Is, if displacements of particle 3 into the fold'are com- 
pared to the displacements of particle 1 out of the fold, 
then its two trajectories are only 1/8 cycle out of phase 
(which is almost in phase). This observation leads to spe- 
culation that movements on the superior surface of the folds 
should be considered as displacement of mass from the lower 
medial surface to the upper surface, as indicated by the 
arrows in the sketch in Fig. 7-10. In other words, perhaps 
the relationship between these generally elliptical tra- 
jectories is due to displacenent of the mass of the body 
of the vocal folds rather than to propagation of a surface 
phenomenon. ~r 
The notes and sketches associated with parts A ,  D, and G 
of Fig. 7-2 Illustrate a feature of the vibration patterns 
for some supraglottal particles. Though a particle may be 
clearly on the su~raglottal surface for most of the cycle, 
it may appear to be on the medial-facing glottal wall during 
part of the open period (generally the most lateral part of 
its trajectory). More generally, its position relative to 
the "corner" changes systematically through the cycle. 
This phenomenon'may correspond to the passage of a surface 
wave - the apparent location of the corner depending on the 
location of the wave peak. However, there are other pos- 
FIGURE 7-10 
S k e t c h  i l l u s t r a t i n g  p o s s i b l e  d i s p l a c e m e n t  o f  mass f rom 
t h e  l o w e r  m e d i a l  s u r f a c e  t o  t h e  uppe r  l a t e r a l  s u r f a c e  o f  t h e  
v o c a l  f o l d s  d u r i n g  t h e  c l o s e d  p e r i o d .  Yhe s o l i d  l i n e  
r e p r e s e n t s  t h e  f r o n t a l  s e c t i o n  o f  t h e  f o l d s  a t  one  i n s t a n t  
d u r i n g  t h e  c l o s e d  p e r i o d .  The b roken  l i n e  r e n r e s e n t s  t h e ,  
f r o n t a l  s e c t i o n  a t  a s u b s e q u e n t  i n s t a n t .  

1 0 4  
s i b l e  e x p l a n a t i o n s ;  f o r  example ,  t h e  s u r f a c e  t i s s u e s  may 
be  s l i d i n g  a c r o s s  t h e  u n d e r l y i n g  t i s s u e s .  
I n  p a r t i a l  summary t h e n ,  t h e  t r a j e c t o r y  measurements  
and  some o t h e r  o b s e r v a t i o n s  seem e x p l a i n a b l e  as a s u r f a c e  
wave phenomenon. IIowever, t h e  e v i d e n c e  i s  n o t  a t  a l l  con- 
c l u s i v e ,  and  o t h e r  e x p l a n a t i o n s  a r e  p o s s i b l e .  
S k e t c h i n g  and  A n a l y s i s  o f  - Vocal-Fold S i l h o u e t t e s  i n  t h e  
--
F r o n t a l  P l a n e  , 
- The i n f o r m a t i o n  c o n t a i n e d  i n  p a r t  H o f  F i g .  7-2, a l o n g  
w i t h  o t h e r  q u a l i t a t i v e  i n f o r m a t i o n  a b o u t  p h o n a t i o n  i n  gene- 
r a l ,  was found  t o  b e  s u f f i c i e n t  t o  e s t i m a t e  t h e  I n s t a n t a -  
neous  s h a p e  o f  t h e .  v o c a l  f o l d s  i n  f r o n t a l  s e c t i o n .  F o r  
e a c h  o f  t h e  e i g h t  p h a s e  i n c r e m e n t s  r e p r e s e n t e d  i n  t h e  f i g u r e ,  
a l i n e  was drawn t h r o u g h  t h e  t h r e e  d a t a  p o i n t s  t o  r e p r e s e n t  
---- 
t h e  s i l h o u e t t e  i n  t h e  f r o n t a l  s e c t i o n .  The r e s u l t . i n g  
s k e t c h e s  a r e  shown i n  -Fig. 7-11. ' ( A l t h o u g h  measurements  
were  made on  o n l y  one  s i d e ,  t h e  o t h e r  s i d e  h a s  been  drawn 
i n  m i r r o r  Image f o r  d i s p l a y  p u r p o s e s  o n l y . )  
The s h a p e s  shown i n  F i g .  7-11 were  drawn w i t h  t h e  f o l -  
l o w i n g  c r i t e r i a :  1. They p a s s  t h r o u g h  t h e  t h r e e  p o i n t s  
e s t a b l i s h e d  by p a r t i c l e  measurements ,  2 .  They a r e  con- 
s i s t e n t  w i t h  t h e  accompanying o b s e r v a t i o n s  r e c o r d e d  d u r i n g  
t h e  r u n  and a l s o  w i t h  t h e  measurement a n g l e s  u s e d  ( i . e .  
t h e r e  I s  i n d e e d  a l i n e  o f  s i g h t  t o  t h e  p a r t i c l e  p o s i t i o n  
a l o n g  t h e  p r e s c r i b e d  a x i s ) ,  3. They are c o n s i s t e n t  w i t h  
t h e  o t h e r  n o t i o n s  a l r e a d y  e s t a b l i s h e d  such  a s  a n  a p p a r e n t  
FIGURE 7-11 
E s t i m a t e s  o f  t h e  s h a p e s  o f  t h e  v o c a l  f o l d  b a s e d  o n  t h e  
d a t a  i n  F i g .  7 - 2 H .  The t h r e e  d a t a  p o i n t s  f rom e a c h  p h a s e  
i n c r e m e n t  i n  F i g .  7-211 a r e  r e n r e s e n t e d .  by  t h r e e  a s t e r i s k s  i n  
e a c h  p a r t  o f  t h i s  f i g u r e .  A l i n e  represent in^ t h e  s u r f a c e  
o f  t h e  v o c a l  f o l d  a t  each  i n s t a n t  has  been  d r a v n  t h r o u g h  them 
( s e e  t e x t ) .  The shape t o  t h e  l e f t  o f  t h e  m i d l i n e  i s  a 
r e f l e c t i o n  o f  t h e  s h a p e  t o  t h e  r i q h t .  The d i g i t s  i n  e a c h  p a r t  
o f  t h e  f i g u r e  i n d i c a t e  t h e  ~ h a s e  i n c r e m e n t  as numbered i n  
F i g .  7-21?. The c o r n e r s  i n  t h e  u p p e r  l e f t  o f  e a c h  ? a r t  o f  t h e  
f i g u r e  r e p r e s e n t  1 mm.  s c a l e s  i n  t h e  v e r t i c a l  a n d  h o r i z o n t a l  
d i r e c t i o n s .  

s u r f a c e  wave w i t h  p r o p a g a t i o n  v e l o c i t i e s  o f  1 m/sec. on t h e  
m e d i a l  s u r f a c e  and 0 . 3  t o  0 . 5  m/sec. on t h e  s u p e r i o r  s u r f a c e ,  
and a n  a p p r o p r i a t e  l o c u s  o f  t h e  b o u n d a r i e s  o f  c l o s u r e  a s  a 
f u n c t i o n  o f  p h a s e .  Also ,  t h e y  a g r e e  q u a l i t a t i v e l y  w i t h  
s k e t c h e s  r e c o r d e d  d u r i n g  o t h e r  r u n s ,  4 .   ina all^, a f t e r  
i n i t i a l  s k e t c h e s  were made, t h e y  were a d j u s t e d  t o  p roduce  
smooth movements when shown i n  a n i m a t i o n  on a  computer  CRT 
o u t p u t .  
B e a r i n g  i n  mind t h a t  t h e  s k e t c h e s  a r e  o n l y  e s t i m a t e s ,  
and t h e n  a r e  based  on o n l y  one e p i s o d e  o f  p h o n a t i o n ,  i t  i s  
s t i l l  u s e f u l  t o  d i s c u s s  v i b r a t i o n  p a t t e r n s  u s i n s  t h e  
s k e t c h e s  a s  a  r e f e r e n c e  and t o  make f u r t h e r  measurements  
on t h e  s k e t c h e s  t h e m s e l v e s .  
F i g .  7-12 shows a r e p l o t  o f  t h e  i n d & i d u a l  s k e t c h e s  
w i t h  t h e  t r a j e c t o r i e s  super imposed ,  and a l s o  shows a  com- 
p o s i t e  p l o t  o f  a l l  t h e  s k e t c h e s .  I n  t h e s e  p l o t s ,  t h e  wave- 
l i k e  n a t u r e  o f  t h e  v i b r a t i o n s  i s  a p p a r e n t .  ( I t  i s  even 
more a p p a r e n t  when t h e  s k e t c h e s  a r e  a n i m a t e d . )  P a r t i c l e s  1 
and 3 ,  a t  l e a s t ,  a p p e a r  t o  be on wave peaks  d u r i n g  t h e  
o u t e r m o s t  p a r t s  o f  t h e i r  t r a j e c t o r i e s  and  i n  t r o u g h s  d u r i n g  
t h e  i n n e r m o s t  p a r t s .  Fo r  p a r t i c l e  2 ,  i t  i s  d i f f i c u l t  t o  
* 
. r 
9 t d e m o n s t r a t e  s u c h  a s i m p l e  i n t e r p r e t a t i o n .  I n  t h e  compos i t e  T 
p l o t ,  a succession o f  wave peaks  and t r o u g h s  i n  t h e  s u p e r i o r  
s u r f a c e  i s  e v i d e n t .  These a p p e a r  t o  p r o p a g a t e  t h r o u g h  t h e  
s u c c e s s i v e  phase  i n c r e m e n t s  w i t h  a n  a v e r a g e  v e l o c i t y  o f  
- Replot of Fig. 7-11 with the particle trajectories 
superimposed. The tog part of the figure shons a 
superposition of the right parts below. 

0 . 3  t o  0 . 4  m/sec.  Apparen t  wave p r o p a g a t i o n  w i t h  a n  a v e r a g e  
v e l o c i t y  of a b o u t  1 . 0  m/sec. c a n  a l s o  b e  d i s c e r n e d  on t h e  
m e d i a l  s u r f a c e .  The compos i t e  p l o t  c o n f i r m s  t h a t  t h e  t r a -  
j e c t o r i e s  o f  p a r t i c l e s  1 and 3  a r e  o r i e n t e d  p e r p e n d i c u l a r  t o  
t h e i r  a s s o c i a t e d  s u r f a c e s .  
F i g .  7-13 shows a  p l o t  o f  t h e  l o c u s  o f  t h e  b o r d e r s  o f  
g l o t t a l  c l o s u r e  d u r i n g  t h e  c l o s e d  p e r i o d .  The 1ov:er b o r d e r  
moves upward c o n t i n u o u s l y .  The uppe r  b o r d e r  moves up a t  a 
s i o w e r  a v e r a g e  r a t e .  It may be n o t e d  i n  F i g .  7-11 o r  F i g .  
7-12 t h a t  t h e  s u b g l o t t a l  a s p e c t  forms a much more a c u t e  
a n g l e  a t  t h e  m i d l i n e  a t  phase  7 t h a n  a t  p h a s e  2 .  A t  t h e  
l a t t e r .  i n c r e m e n t ,  i t  i s  more dome shaped .  
U s e f u l  measurements  c a n  be made from t h e  s k e t c h e s  t h a t  
c a n n o t  be  made on  t h e  p r e p a r a t i o n  i t s e l f ,  Among t h e s e  
measurements  a r e  l e n g t h  a l o n g  t h e  s u r f a c e  o f  t h e  f r o n t a l  
s e c t i o n  and  a r e a  o f  t h e  f r o n t a l  s e c t i o n  i t s e l f .  Measurements  
a t  t h e  e i g h t  p h a s e  i n c r e m e n t s  o f  t h e  s u r f a c e  d i s t a n c e  be tween  
p a r t i c l e s  1 and  2 ' a n d  p a r t i c l e s  2  and 3  and  o f  t h e  v o c a l -  
f o l d  a r e a  e n c l o s e d  b y  t h e  s k e t c h e s  a r e  shown i n  F i g .  7-14. 
The measurements  o f  s u r f a c e  l e n g t h  be tween  t h e  p a r -  
t i c l e s  i n d i c a t e  t h a t  t h e  s u r f a c e  t i s s u e s  a r e  s t r e t c h e d  s i g -  
n i f i c a n t l y  d u r i n g  t h e  c y c l e ,  i f  t h e  s k e t c h e s  a r e  a c c u r a t e  
and  t h e  p a r t i c l e s  a r e  w e l l  a t t a c h e d  t o  t h e  t i s s u e s .  F o r  
p a r t i c l e s  3-2, t h e  v a r i a t i o n  o f  d i s t a n c e  i s  a b o u t  305 o f  
i t s  a v e r a g e  v a l u e .  F o r  p a r t i c l e s  2-1, it i s  o v e r  50?  o f  
V e r t i c a l  l o c a t i o n  o f  c l o s u r e  'measured f rom t h e  s k e t c h e s  
i n  Fig. 7-11. ( c f .  F i g .  7 - 6 . )  
PHASE (118 CYCLE/DIVISION ) 
FIGURE 7-14 
!4easurements from t h e  s k e t c h e s  i n  P i g .  7-11.  The t o o  
p a r t  c o n t a i n s  p l o t s  o f  the l e n g t h s  r e p r e s e n t e d  b y  t h e  l i n ~  
s e g n e n t s  j o i n i n g  t h e  i n d i c a t e d  n a r t l c l e s .  The l o v e r  pa r t  
i s  a p l o t  o f  t h e  area r e p r e s e n t e d  by  t h e  c l o s e d  f i ~ u r e  on 
e a c h  s i d e  o f  t h e  m i d l i n e .  

a v e r a g e .  I n  b o t h  c a s e s ,  t h e  waveform I s  n e a r  a maximum when 
t h e  g l o t t i s  opens  and n e a r  a minimum when t h e  g l o t t i s  c l o s e s .  
It i s  i n t e r e s t i n g  t o  n o t e  t h a t  - t o  t h e  e x t e n t  t h a t  s t i f f -  
n e s s  o f  t h e  s u r f a c e  t i s s u e s  i s  s i g n i f i c a n t  - ene rgy  I s  
s t o r e d  when t h e  t i s s u e s  a r e  s t r e t c h e d .  Thus,' mechan ica l  
e n e r g y  i s  s t o r e d  d u r i n g  t h e  c l o s e d  p e r i o d  and r e l e a s e d  du r -  
i n g  t h e  open p e r i o d .  
The a r e a  waveform shows a r e a  changes  .of  a b o u t  20: 
( 3  m.*) d u r i n g  t h e  c y c l e .  The a r e a  i s  .minimum when t h e  
g l o t t i s  opens and  n e a r  a  maximum when t h e  g l o t t i s  c l o s e s ,  
Thus,  a t  o p e n i n g ,  t h e  a r e a  i s  rough ly  minimum b u t  i s  en-  
c l o s e d  by a s u r f a c e  w i t h  maximum p e r i p h e r y .  A t  c l o s u r e ,  t h e  
a r e a  i s  maximum b u t  t h e  l e n g t h  o f  t h e  s u r f a c e  i s  a p p r o x i -  
ma te ly  minimum. 
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To t h e  f i r s t  o r d e r ,  a t  l e a s t ,  l a r y n g e a l  t i s s u e s  a r e  
i n c o m p r e s s i b l e .  Yuch-of  t h e  compos i t ion  o f  t h e  v o c a l  f o l d s  
c a n  be t h o u g h t  o f  as f i b e r s  o r  membranes f i x e d  a t  t h e i r  
a n t e r i o r  and p o s t e r i o r  ends .  When t h e s e  f i b e r s  o r  membranes 
a r e  d e f l e c t e d  i n  t h e  f r o n t a l  p l a n e ,  t h e i r  l e n g t h  i n c r e a s e s .  
Assuming i n c o m p r e s s i b i l i t y ,  t h e  i n s t a n t a n e o u s  c r o s s  s e c t i o n  
s h o u l d  v a r y  i n  I n v e r s e  p r o p o r t i o n  t o  l e n g t h .  However, 
v a r i a t i o n s  i n  l e n g t h  d u r i n g  a c y c l e  are a lmos t  c e r t a i n l y  l e s s  
t h a n  20F, e s p e c i a l l y  when ave raged  a c r o s s  t h e  d i f f e r e n t  
p a r t s  o f  t h e  f r o n t a l  s e c t i o n .  F o r  example,  assuming an 
u n d i s p l a c e d  l e n g t h  o f  1 2  mm.  and a maximum d e f l e c t i o n  o f  
2  mrn., t h e  t o t a l  change i n  l e n g t h  o f  a n  i d e a l  s t r i n g  i s  l e s s  
t h a n  1 1 5  f o r  a l l  t h e  d i f f e r e n t  p a t t e r n s  o f  d i s p l a c e m e n t  
s k e t c h e d  i n  F i g .  7-15. Thus,  change i n  l e n g t h  d o e s  n o t  seem 
s u f f i c i e n t  t o  a c c o u n t  f o r  change  i n  c r o s s  s e c t i o n a l  a r e a  a s  
r e p r e s e n t e d  i n  t h e  s k e t c h e s .  T h i s  i m p l i e s  t h a t  ( I ) ,  t h e  
s k e t c h e s  o v e r e s t i m a t e  t h e  a r e a  change due  t o  a r e a  changes  
o u t s i d e  t h e  r e g i o n  r e p r e s e n t e d ,  ( 2 ) ,  t h e  a p p r o x i m a t i o n  o f  
t i s s u e  i n c o m p r e s s i b i l i t y  i s  n o t  a c c u r a t e ,  o r  ( 3 ) ,  t h e  
s k e t c h e s  a r e  g r o s s l y  i n a c c u r a t e .  O f  t h e s e  p o s s i b i l i t i e s ,  
t h e  f i r s t  and  t h i r d  a r e  most l i k e l y .  
The s k e t c h e s  i n  F i g s .  7-11 and  7-12 show t h a t  t h e  
f r o n t a l - p l a n e  a r e a  o f  t h e  a i rway  below c l o s u r e  i n c r e a s e s  and  
t h e  a r e a  of  t h e  a i r w a y  above c l o s u r e  d e c r e a s e s  d u r i n g  t h e  
c l o s e d  p e r i o d .  Thus,  t h e r e  i s  n o t  e f f e c t i v e  a i r f l o w  d u r i n g  
t h e  c l o s e d  p e r i o d .  However, s u b g l o t t a l  m d  s u p r a g l o t t a l  
f l o w  are  n o t  e q u a l .  Due t o  t h e  i n c r e a s e  i n  v o c a l - f o l d  a r e a ,  
a s  i n d i c a t e d  i n  F i g .  7-14, t h e  e f f e c t i v e  s u b g l o t t a l  f l o w  
toward  t h e  g l o t t i s  i s  g r e a t e r  t h a n  t h e  e f f e c t i v e  s u p r a g l o t -  
t a l  f l o w  from t h e  g l o t t i s .  The a v e r a g e  r a t e s  o f  s u b g l o t t a l  
and  s u p r a g l o t t a l  f l o w ,  assuming  t h e  measured a r e a  d i s p l a c e -  
ment d i s t r i b u t e d  o v e r  a n  e f f e c t i v e  l e n g t h  o f  1 . 2 5  cm. f o r  
t h e  t h r e e  i n t e r v a l s  w i t h i n  t h e  c l o s e d  p e r i o d s  a r e  p l o t t e d  
* r: 
" i ' +  I n  F i g .  7-16. ( I t  i s  I n t e r e s t i n g  t o  n o t e  t h a t  many o f  t h e  
- 
vo lume-ve loc i ty  waveforms d e r i v e d  by Rothenberg  (1973) 
show a small a i r f l o w  r a t e  o f  s i m i l a r  magni tude  d u r i n g  t h e  
c l o s e d  p e r i o d  - a l t h o u g h  t h e y  have a n e g a t i v e  s l o p e ,  
FIGURE 7-15 
Increase  i n  Lengt!~  ( L) f o r  d l f f e r e n t  p z t t e r n s  o f  
d i sp l ace rne r i t  o f  a n  e l a s t i c  s t r i n g  v i t h  f i x e d  e n d s .  The 
r e s t  l e n g t h  (L) i s  assumed t o  be  1 2  m m .  
Rest Position 








E q u i v a l e n t  flol:! r a t e  due t o  d i s n l a c e m e n t  o f  t i s s u e s  
d u r i n g  t h e  c l o s e d  p e r i o d .  The c a l c u l a t i o n s  a r e  based  on  t h e  
a rea  ( i n  t h e  f r o n t a l  p l e n e )  o f  t h e  s u p r a g l o t t a l  airway and 
o f  t h e  s u b g l o t t a l  a i r v a y  d u r i n ~  t h e  c l o s e d  ~ e r i o c i .  An 
e f f e c t i v e  g l o t t a l  l e n g t h  o f  1 . 2 5  cm. w a s  assumed. 
INTERVAL 
unli lce  t h e  s u p r a g l o t t a l  f l ow c a l c u l a t i o n  i n  F i g .  7 -16 . ) .  
While t h e  chang ing  v o c a l  f o l d  a r e a  r e d u c e s  t h e  e f f e c t -  
i v e  s u p r a g l o t t a l  f l ow d u r i n g  t h e  c l o s e d  p e r i o d ,  i t  s h o u l d  
c o n t r i b u t e  t o  t h e  s u p r a g l o t t a l  f l ow i n  t h e  middle  o f  t h e  
open p e r i o d .  Such a n  e f f e c t ,  a s  w e l l  as dynamic a i r f l o w  e f -  
f e c t s ,  may c o n t r i b u t e  t o  t h e  commonly obse rved  phenomenon 
t h a t  t h e  f low waveform i s  l a r g e l y  a s s y m e t r i c  w h i l e  t h e  
g l o t t a l  a r e a  waveform i s  n e a r l y  symmetr ic .  The a d d i t i o n a l  
f l ow component due t o  t h e  d i s p l a c e m e n t  by t h e  v o c a l  f o l d s  
may be l a r g e  enough t o  p r o l o n g  t h e  r i s i n g  phase  o f  t h e  g l o t -  
t a l  f l o w  waveform. Kowever, t h e  magnitude o f  t h e  e f f e c t i v e  
f low component i s  p r o b a b l y  t o o  small t o  be s i g n i f i c a n t .  
I n  t h e  c u m u l a t i v e  p l o t  shovrr, i n  F i g .  7-12, t h e  " c o r n e r "  
o f  t h e  v o c a l  f o l d  l o o k s  l i k e  a n  e s s e n t i a k l y  f i x e d  s h a p e  
t h a t  t r a n s l a t e s  a round a r o u g h l y  c i r c u l a r  t r a j e c t o r y  and 
t i l t s .  . I n  Fig. 7-17, t h e  s k e t c h e s  have  been r e p l o t t e d  w i t n  
s u c h  a s h a p e  f i t  t o  t h e  c o r n e r .  The shape  r o t a t e s  c o u n t e r -  
c l o c k w i s e  d u r i n g  t h e  c l o s e d  p e r i o d  w h i l e  t r a n s l a t i n g  upward. 
Dur ing  t h e  open p e r i o d ,  i t  s g r i n g s  back i n  t h e  c l o c k w i s e  
d i r e c t i o n  w h i l e  t r a n s l a t i n g  i n f e r i o r l y .  
We may s p e c u l a t e  whether  t h e  shape  shown i n  F i g .  7-17 
r e p r e s e n t s  t h e  c r o s s  s e c t i o n  o f  t h e  voca l .  l i g a m e n t .  (The re  
i s  some d o u b t ,  o f  c o u r s e ,  whether  t h e  l i g a m e n t  c o u l d  be s o  
w e l l  i d e n t i f i e d  s e p a r a t e l y  f rom t h e  e l a s t i c  membrane a n d ,  
i f  s o ,  whe the r  i t s  shape  would remain  s o  u n d i s t o r t e d  
Connosi te  n l o t  o f  t h e  s l re tches  i n  Fie. 7-11 v i t h  a 
fixed shape f i t  t o  t h e  "corner"  i n  each  s l c e t c i ~ .  . 
t h r o u g h o u t  t h e  c y c l e . )  I f  t h e  shape  a c t u a l l y  r e p r e s e n t s  
such  a n  i d e n t i f i a b l e  s t r u c t u r e ,  t h e n  t h e  two components o f  
movement d e s c r i b e d  above c o r r e s p o n d  t o  r o t a t i o n  o f  t h e  c e n t e r  
o f  mass ( s t r i n g  v i b r a t i o n s )  and r o t a t i o n  o f  t h e  mass a round 
a n  i n t e r i o r  a x i s .  It may be n o t e d  t h a t  t h e s e  a r e  e s s e n t i a l -  
l y  t h e  two d e g r e e s  o f  f reedom o f  t h e  two-mass model,  e x c e p t  
o f  c o u r s e  t h a t  v i b r a t i o n  of t h e  c e n t e r  o f  mass a r e  r e p r e -  
s e n t e d  i n  o n l y  one  d imens ion  f o r  t h e  model ( s e e  Dudgeon, 
1 9 6 9 ) .  The aerodynamic and mechan ica l  f o r c e s  p r o d u c i n g  t h i s  
t y p e  o f  movement can  t h u s  be  p a r t l y  u n d e r s t o o d  from model- 
l i n g  e f f o r t s  i n v o l v i n g  t h e  2-mass model ( s e e  Chap. 4), a l -  
though t h e  t i s s u e s  below t h i s  s e c t i o n  a r e  a l s o  c l e a r l y  i n -  
vo lved  and must be  c o n s i d e r e d .  Accord ing  t o  t h i s  c o n c e p t ,  
t h e  v i b r a t i o n  p a t t e r n s  c o n s i s t  o f  s t r i n e v i b r a t i o n s  o f  t h e  
l i g a m e n t  and p r o p a g a t i n g  s u r f a c e  waves t h e  e l a s t i -  
c u s .  T h i s  c o n c e p t  i s  a p p e a l i n g  f o r  t h e  pu rpose  o f  m o d e l l i n g ,  
s i n c e  t h e r e  i s  s u f f i c i e n t  complex i ty  t o  a c c o u n t  f o r  i n t e r -  
l a r y n x  and i n t r a - l a r y n x  v a r i a b i l i t y .  
R e f e r r i n g  back  t o  F i g .  7-17, i t  may be no ted  t h a t ,  i n  
o r d e r  t o  a c c e p t  t h i s  d e s c r i p t i o n ,  we must a c c e p t  t h a t  pa r -  
t i c l e s  1 and 2 s l i d e  a c r o s s  t h e  s u r f a c e  t i s s u e  o r  t h a t  t h e  
s u r f a c e  t i s s u e s  s l i d e  o v e r  t h e  l i g a m e n t .  The p a r t i c l e s  
move i n  a  c lockvr i se  d i r e c t i o n  w i t h  r e s p e c t  t o  t h e  shape  
from t h e  l a s t  h a l f  o f  t h e  open p e r i o d  t o  t h e  f i rs t  h a l f  o f  
t h e  c l o s e d  p e r i o d ,  and i n  t h e  o t h e r  d i r e c t i o n  f o r  t h e  o t h e r  
h a l f  c y c l e .  
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A s  t h e  s k e t c h e s  i n d i c a t e ,  a " s u l c u s  v o c a l i s "  a s  d e s -  
c r i b e d b y  Smi th  (1954)  ( 1 . e .  a concave  d e p r e s s i o n  on  t h e  
m e d i a l  w a l l  o f  t h e  v o c a l  f o l d )  seems t o  b e  a  i lormal p a r t  o f  
t h e  v i b r a t i o n  p a t t e r n s  e n c o u n t e r e d  d u r i n g  t h e s e  e x p e r i m e n t s .  
Such a s h a p e  may b e  n o t e d  d u r i n g  p h a s e  i n c r e m e n t s  3-5 i n  t h e  
s k e t c h e s .  It r e s u l t s  f rom a  v i b r a t o r y  p h a s e  d i f f e r e n c e  
be tween  t h e  u p p e r  and  l o w e r  p a r t s  o f  t h e  f o l d .  (To t h e  
e x t e n t  t h a t  t h i s  phenomenon i s  i n p o r t a n t ,  i t  p o i n t s  o u t  t h e  
I n a d e q u a c y  o f  a t w o - s e c t i o n  model o f  t h e  v o c a l  f o l d s . )  
Ano the r  example o f  a  s u l c u s  c a n  be  n o t e d  i n  a q u a l i t a t i v e  
s k e t c h e s  a s s o c i a t e d  w i t h  p a r t  D o f  F i g .  7 - 2 .  
C o n c l u s i o n  
I n  d e s c r i b i n g  v o c a l  f o l d  v i b r a t i o n s  i n  t h i s  d i s c u s s i o n ,  
we have  h y p o t h e s i z e d  some p o s s i b l e  mecha6isms ( v i z .  s u r f a c e  
v i b r a t i o n s  o f  t h e  e l a s t i c  t i s s u e s ;  p o s s i b l y  s t r i n g  v i b r a -  
t i o n s  of  t h e  v o c a l  l i g a n e n t . )  However, t h e  o n l y  i n f o r m a t i o n  
a v a i l a b l e  i n  a d d i t i o n  t o  a d e s c r i p t i o n  o f  t h e  o u t s i d e  s h a p e  
of  t h e  v o c a l  f o l d s  a s  a  f u n c t i o n  o f  t i m e  i s  a v e r a g e  f l o w  
r a t e  and  s u b g l o t t a l  p r e s s u r e ,  and some rough  measurements  
o f  t h e  s u b g l o t t a l  p r e s s u r e  waveform. !lore d a t a  on  t h e  v o c a l  
f o l d s  t h e m s e l v e s  and  on  t h e  aerodynamics  o f  t h e  g l o t t i s  i s  
needed b e f o r e  a n y t h i n g  more c e r t a i n  c a n  b e  l e a r n e d  a b o u t  
. p h o n a t o r y  mechanisms. 
The r e s u l t s  o f  o u r  measurements  o f  dynamic s u b g l o t t z l  
p r e s s u r e  ( i . e .  i n t r a c y c l e  p r e s s u r e  v a r i a t i o n s )  i n d i c a t e  t h a t ,  
f o r  t h e s e  e x p e r i m e n t s ,  l n t r a c y c l e  s u b g l o t t a l  p r e s s u r e  v a r i a -  
t i o n s  a r e  n o t  s o  i n s i g n i f i c a n t  as  h a s  been  assumed by many 
m o d e l l e r s .  I n  t h i s ,  r e s p e c t ,  \re a g r e e  b o t h  w i t h  t h e  p r e l i -  
minary measurements  o f  I I i k i  -- e t  a l .  ( 1970)  and w i t h  t h e  
t h e o r e t i c a l  i m p l i c a t i o n s  o f  measurements  o f  s u b g l o t t a l  t r a c t  
Impedance ( F a n t  -- e t  a l . ,  1972)  f o r  human t a l k e r s  ( s e e  
Chap. 3 ) .  Thus ,  v e r t i c a l  f o r c e s  on t h e  . voca l  f o l d s  may have 
t o  be  cons ide red ' .  C e r t a i n l y ,  o t h e r  aerodynamic measurements  
s u c h  a s  i n s t a n t a n e o u s  volume v e l o c i t y ,  o r  i n s t a n t a n e o u s  
v e r t i c a l  d i s t r i b u t i o n  o f  p r e s s u r e  would add  g r e a t l y  t o  t h e  
u s e f u l n e s s  o f  t h e  d a t a  o b t a i n e d  i n  t h e s e  e x p e r i m e n t s .  
2 A .  I f ea su renen t s  D u r i n ~  C h a n ~ e s  in T i s s u e  P r o p e r t i e s  
-
Dur ing  many e x p e r i m e n t a l  r u n s ,  t h e r e  was a g r a d u a l  
change  o f  s t a t e .  of  t h e  p r e p a r a t i o n  d u r i n g > t h e  measurements ,  
s o  t h a t  s u c c e s s i v e  measurements a t  a g i v e n  phase  i n c r e m e n t  
gave d i f f e r e n t  r e s u l t s .  F i g u r e  7-18 shows s e t s  o f  s u c h  
measurements  ( f o r  5 p a r t i c l e s  on 4 d i f f e r e n t  l a r y n x e s ) .  To 
make t h e s e  measurements ,  t h e  t i m e  b a s e  o f  t h e  o s c i l l o s c o p e  
was a d j u s t e d ,  i f  t h e  fundamenta l  f r equency  changed ,  s o  t h a t  
a g l o t t a l  c y c l e  a lways  c o r r e s p o n d e d  t o  8 cm. h o r i z o n t a l  de- . 
f l e c t i o n .  Measurements were made c y c l i c a l l y  a t  e a c h  o f  t h e  
e i g h t  phase  i n c r e m e n t s  i n  o r d e r .  The d u r a t i o n  o f  t h i s  
measurement p r o c e d u r e  was t y p i c a l l y  15 minu te s  p e r  c y c l e .  
Of c o u r s e ,  t h e  form o f  t h e  s u b g l o t t a l  p r e s s u r e  waveform 
changed ( a s  w e l l  a s  Fo ,  i n  g e n e r a l ) ,  and w i t h  u n c e r t a i n t y  
FIGURE 7-18 
Y e a s u r e d  p a r t i c l e  t r a j e c t o r i e s  d u r i n c  r u n s  w i t h  c h a n g i n e  
t i s s u e  p r o p e r t i e s .  ! , ! e a s u r e ~ e n t s  vrere ~ a d e  o v e r  more t h a n  o n e  
measurement  c y c l e .  P a r t  B also shol:!s t h e  measured  s t a t l c  
p o s i t L o n  o f  a p a r t i c l e  a f t e r  t h e  v i b r a t i o n s  s t o n n e d .  The 
f o r m a t  o f  t h e  f i g u r e  i s  . t h e  s2me a s  t h a t  f o r  F i g .  7-2 .  
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a b o u t  t h e  t r i g g e r  p o i n t  on t h e  waveform, t h e r e  i s  c e r t a i n l y  
no g u a r a n t e e  t h a t  equal-numbered phase  i n c r e m e n t s  on  s u c -  
c e s s i v e  measurement c y c l e s  r e f e r  t o  c o r r e s p o n d i n g  p a r t s  o f  
t h e  m e c h a n i c a l  v i b r a t i o n  c y c l e .  
The change  o f  s t a t e  g i v i n g  r i s e  t o  t h e  changes  shown i n  
F i g .  7-18 was m o s t l y  a t t r i b u t e d  t o  d e s i c c a t i o n  o f  t h e  l a -  
r y n g e a l  t i s s u e s  due  t o  i n s u f f i c i e n t  warmth o r  h u m i d i t y  i n  
t h e  s u p p l i e d  o r  ambien t  a i r .  The mechan ica l  e f f e c t  o f  
t i s s u e  d e s i c c a t i o n  was a n  i n c r e a s e  o f  t h e  s t i f f n e s s  o f  t h e  
t i s s u e s  and  presumably  a l o s s  o f  mass. A s  t h e  t i s s u e s  d r i e d  
o u t ,  t h e i r  p r o p e r t i e s  presumably changed .  one  
migh t  e x p e c t  f rom t h e s e  f a c t o r s ,  fundamen ta l  f r e q u e n c y  o f t e n  
i n c r e a s e d  somewhat d u r i n g  t h e  d r y i n g  p r o c e s s .  However, 
sometimes i t  d e c r e a s e d ,  w i t h  an  accompany-lng l o s s  o f  sub-  
g l o t t a l  p r e s s u r e  ( i f  s u b g l o t t a l  p r e s s u r e  r e g u l a t i o n  was n o t  
v e r y  good)  s i n c e  t h e  a v e r a g e  aerodynamic r e s i s t a n c e  o f  t h e  
g l o t t i s  d e c r e a s e d .  The most c o n s i s t e n t  c o r r e l a t e s  ( p e r -  
c e p t u a l l y ,  and  i n  t h e  s u b g l o t t a l  p r e s s u r e  waveform) o f  t h e  
dry in^ p r o c e s s  was t h a t  t h e  sound became weaker and  t h e  
waveform l e s s  s h a r p  as g l o t t a l  c l o s u r e  became s h o r t e r  and  
less a b r u p t .  I n  some c a s e s ,  t h e  v i b r a t i o n s  c e a s e d  com- 
p l e t e l y  and  c o u l d  n o t  be  r e - i n i t i a t e d .  
The f i r s t  t h r e e  p a r t s  o f  F i g .  7-18 show t h e  t r a j e c t o r i e s  
o f  p a r t i c l e s  o n  t h e  s u p e r i o r  s u r f a c e  o f  t h e i r  v o c a l  f o l d s .  
The main e f f e c t  o f  d e s i c c a t i o n  i n  t h e s e  c a s e s  seems t o  'be  a 
r e d u c t i o n  o f  t h e  v e r t i c a l  component o f  t h e  v i b r a t i o n s ,  w i t h  
most o f , t h e  l o s s  on  t h e  s u p e r i o r  s i d e .  H o r i z o n t a l  compo- 
n e n t s  were  a l s o  r educed  somewhat, b u t  l e s s  d r a m a t i c a l l y  
t h a n  t h e  v e r t i c a l  components .  I n  p a r t s  A and  B ,  where f l ow 
r a t e  was r e g u l a t e d ,  t h e  a v e r a g e  s u b g l o t t a l  p r e s s u r e  dropped  
by a b o u t  2 cm. H 2 0  d u r i n g  t h e  c o u r s e  o f  t h e  r u n .  With t h e  
p r e s s u r e - r e g u l a t e d  s o u r c e ,  p r e s s u r e  s t i l l  dropped  somewhat 
and f l o w  r a t e  i n c r e a s e d  d u r i n g  t h e  r u n .  
I n  p a r t  A o f  F i g .  7-18, t h e  " p e r t u r b a t i o n "  a p p a r e n t  i n  
t h e  e a r l i e r  measurements  seems t o  have  d i s a p p e a r e d  by t h e  
t h i r d  measurement c y c l e ,  s o  t h a t  t h e  t r a j e c t o r y  becomes 
q u i t e  smooth.  I n  p a r t  B ,  t h e  p e r t u r b a t i o n  r e m a i n s  i n  t h e  
s e c o n d  c y c l e .  A r e m a i n i n g  p e r t u r b a t i o n  i s  more e v i d e n t  i n  
p a r t  C,where i t  forms  a  l o o p .  it- 
I n  p a r t  B o f  F i g .  7-18, t h e  end o f  t h e  r u n  o c c u r r e d  
when t h e  v i b r a t i o n s  s t o p p e d  s p o n t a n e o u s l y .  The p a r t i c l e ' s  
p o s i t i o n  was t h e n  measured ,  and i t  was measured once  more 
when t h e  s u b g l o t t a l  s o u r c e  was t u r n e d  o f f .  The two measure- 
ments  a r e  i n d i c a t e d  i n  t h e  p l o t .  I n  t e r m s  o f  models ,  t h e  
s t a t i c  p o s i t i o n  w i t h  a i r f l o w  nay b e  c o n s i d e r e d  as t h e  
o p e r a t i n g  p o i n t ,  which h a s  become s t a b l e  due t o  . changing  
t i s s u e  p r o p e r t i e s .  It l i e s  i n s i d e  t h e  t r a j e c t o r y  d u r i n g  
v i b r a t i o n s .  The no-flow p o s i t i o n  i s  a l o n g s i d e  t h e  l o w e r  
p a r t  o f  t h e  t r a j e c t o r y  on  t h e  t r a j e c t o r y  on  t h e  m e d i a l  s i d e .  
P a r t s  D and  E o f  F i g .  7-18 show t r a j e c t o r i e s  o f  
1 
p a r t i c l e s  a t  a l o w e r  l e v e l  0 : .  e v o c a l  f o l d s ,  s o  t h a t  t h e y  
c a n  b e . v i e w e d  fr-om o n l y  t h e  :; 
- 1 o t t a l  a s p e c t  f o r  a t  l e a s t  , 
h a l f  o f  t h e  c y c l e .  I n  t h e s e  . > t s ,  t h e  maln d i f f e r e n c e  be- 
tween  s u c c e s s i v e  measurement : l e s  a l s o  seems t o  b e  i n  t h e  
v e r t i c a l  d i r e c t i o n ,  b u t  t h e  t i ' " ' e r e n c e s  a r e  l ess  s y s t e m a t i c .  
I n  p a r t  E., t h e  t r a j e c t o r y  bcc .?s more compressed on  b o t h  
t h e  s u p e r i o r  and  i n f e r i o r  s S . t i  . . 
2B D i s c u s s i o n  
-
F o r  p a r t i c l e s  b o t h  infer-!::,:. and  s u p e r i o r  t o  t h e  r e g i o n  
o f  c l o s u r e ,  t h e  p r i n c i p a l  effc-:.:: o f  t i s s u e  d e s i c c a t i o n  ap-  
p e a r s  t o  be  c e c r e a s e  o f  t h e  v . : . '~ ical  component o f  v i b r a t i o n ,  
w i t h  a p p a r e n t l y  l i t t l e  c h a n s c  : . I  t h e  h o r i z o n t a l  component 
u n t i l  t h e  v i b r a t i o n s  s t o p  coy:..:  ::tely. Al though  we know t h a t  
t h e r e  was some d e c r e a s e  i n  t !!~ : .~verage  s t i b g l o t t a l  p r e s s u r e ,  
measurements  o f  t h e  s u b g l o t t a l  p r e s s u r e  waveform were n o t  
r e c o r d e d .  Thus ,  i t  i s  n o t  dci;, . .rmined w h e t h e r  ' t h e r e  was a de-  
c r e a s e  . i n  t h e  dynamic t ransg l : ; . '  :a1 p r e s s u r e  c o r r e s p o n d i n g  t o  
t h e  d e c r e a s e  i n  t h e  v e r t i c a l  - : : > l i t u d e  o f  t h e  t r a j e c t o r i e s .  
I n  any e v e n t ,  t h e s e  o b s e r v a t ' . . .  .: s u g g e s t  t h a t  v e r t i c a l  
components  of  t h e  t r a j e c t o r i n :  ? r e  c l o s e l y  a s s o c i a t e d  w i t h  
t h e  mechanisms e s s e n t i a l  f o r  : . ' o n a t i o n  - a f a c t , t h a t  i s  n o t  
a c c o u n t e d  f o r  i n  models  o f  ti.. , . l o c a l  f o l d s  which r e p r e s e n t  
o n l y  h o r i z o n t a l  mo t ion .  
F o r  t h e  s u p r a g l o t t a l  p a T *  '7: les i n  t h e  f i r s t  s e c t i o n  o f  
t h i s  c h a p t e r ,  p e r t u r b a t i o z s  - . : r r e d  i n  t h e  t r a j e c t o r i e s  t o  
v a r y i n g  d e g r e e s .  I n  t h i s  s e c t i o n ,  t h e  p e r t u r b a t i o n  d i s a p -  
p e a r e d  d u r i n g  p h o n a t i o n  i n  one c a s e  . ( p a r t  A of  F i g .  7-18) 
and p e r s i s t e d  q u i t e  markedly u n t i l  p h o n a t i o n  c e a s e d  i n  an-  
o t h e r  ( p a r t  C ) .  Thus ,  i t  a p p e a r s  t h a t  t h e  p e r t u r b a t i o n  i t -  
s e l f  d o e s  n o t  i n d i c a t e  a p r o c e s s  n e c e s s a r y  f o r  t h e  ma in t e -  
nance  o f  p h o n a t i o n .  
The measurement o f  f i n a l  s t a t i c  p o s i t i o n  i n  p a r t  E of  
F i g .  7-18 s u g g e s t s  t h a t  a t r a j e c t o r y  may b e  i n t e r p r e t e d  as 
showing r o t a t i o n  o f  i n d i v i d u a l  t i s s u e  e l e m e n t s  a round  a n  
o p e r a t i n g  p o i n t  l o c a t e d  w i t h i n  t h e  t r a j e c t o r y .  
I n  t h e  e x p e r i m e n t s  f o r  which p h o n a t i o n  c e a s e s  spon-  
t a n e o u s l y ,  i t  d o e s  s o  sudden ly  r a t h e r  t h a n  g r a d u a l l y  d y i n g  
away ( a l t h o u g h  as men t ioned ,  t h e  e f f e c t  i s  p r e c e d e d  by a 
change  i n  v o i c e  q u a l i t y ) .  Accord ing  t o  at l e a s t  one  i n -  
f o r m a l  o b s e r v a t i o n ,  a p p a r e n t  s u r f a c e  waves c a n  b e  o b s e r v e d  
from t h e  s u b g l o t t a l  a s p e c t  even  when t h e  t i s s u e s  a r e  q u i t e  
d r i e d  o u t  p r i o r  t o  t h e  l o s s  of p h o n a t i o n .  T h i s  o b s e r v a t i o n  
i s  c o n s i s t e n t  w i t h  t h e  n o t i o n  t h a t  t h e  s u b g l o t t a l  v i b r a t o r y  
a c t i v i t y  i s  a n e c e s s a r y  p a r t  o f  t h e  p h o n a t i o n  p r o c e s s .  
Again a c c o r d i n g  t o  i n f o r m a l  o b s e r v a t i o n s ,  t h e  g r a d u a l  
change  i n  v o i c e  q u a l i t y  may be  c o r r e l a t e d  w i t h  a d e c r e a s e  
i n  t h e  h o r i z o n t a l  a m g l i t u d e  of v i b r a t i o n  a t  t h e  l ower  sub-  
g l o t t a l  l e v e l s .  EIowever, t!le examples  i n  p a r t s  D anci E of  
F i g .  7-18, which are  a t  a r e l a t i v e l y  h i g h  s u b g l o t t a l  l e v e l ,  
do n o t  e x h i b i t  t h i s  phenomenon. 
2 2 6  
3 A .  Data  -- from Larynxes w i t h  V o c a l i s  N u s c l e s  Exc i sed  
-
I n  one s e r i e s  of  e x p e r i m e n t s ,  t h e  e f f e c t  on p h o n a t i o n  
o f  removing t h e  v o c a l i s  muscle was i n v e s t i g a t e d .  The e n t i ;  
t h y r o a r y t e n o i d  muscle  was removed on  one o r  b o t h  s i d e s ,  
l e a v i n g  o n l y  t h e  v o c a l  l i gamen t  and conus e l a s t i c u s  and 
t h e i r  s u r f a c e  t i s s u e s  f o r  phonatory  v i b r a t i o n s .  The s k e t c h  
i n  F i g .  7-19 i n d i c a t e s  roughly  t h e  p a r t  o f  t h e  f r o n t a l  
s e c t i o n  t h a t  was removed. The t h i c k n e s s  of  t h e  r ema in ing  
t i s s u e s  was t y p i c a l l y  1 t o  1 . 5  m. 
The a p p a r e n t  e f f e c t s  o f  e x c i s i n g  t h e  muscle were s u r -  
p r i s i n g l y  small. \ h e n  t h e  muscle  on o n l y  one s i d e  was 
d i s s e c t e d ,  t h e  s u b g l o t t a l  a s p e c t  on t h a t  s i d e  demons t ra t ed  
l a r g e r  v i b r a t i o n  a m p l i t u d e s  t h a n  t h e  "normal" s i d e ,  b u t  
b a s i c a l l y  t h e  same p a t t e r n s .  Even t h e  s u . r a g l o t t a 1  a s p e c t  
l ooked  s u r p r i s i n g l y  s imi la r ,  thqugh t h e  s u p e r i o r  s u r f a c e  
o f  t h e  f o l d  ( t h e  v e n t r i c u l a r  f l o o r )  was l a r g e l y  removed. 
Fundamental  f r e q u e n c i e s  of  phona t ion  were n o t  g r o s s l y  a f -  
f e c t e d .  Fur the rmore ,  l i t t l e  a d d i t i o n a l  change was no ted  
when t h e  muscle  on t h e  o t h e r  s i d e  was removed. 
F ig .  7-20 shows t r a j e c t o r i e s  o f  two s i n g l e  p a r t i c l e s  
on  t h e  r e m a i n i n g  s u p e r i o r  s u r f a c e s  o f  s e p a r a t e  v o c a l  f o l d s ,  
e a c h  o f  which had i t s  v o c a l  muscle u n i l a t e r a l l y  e x c i s e d .  
I n  p a r t  A ,  t h e  v i b r a t i o n s  were s t e a d y .  However, i n  p a r t  B ,  
t h e  measurements were t a k e n  o v e r  two comple te  c y c l e s  (as 
I n  p a r t  2 o f  t h i s  c h a p t e r )  as t h e  t i s s u e s  d e s i c c a t e d  
S c h e m a t i c  r e p r e s e n t a t t o n  sho!*ring t h e  p o r t i o n  o f  t h e  
v o c a l  f o l d  removed i n  e x c i s e d - m u s c l e  e x n c r i n e n t s .  
Measured t r a j e c t o r i e s  o f  p a r t i c l e s  on p r e p a r a t i o n s  
w i t h  e x c i s e d  v o c a l  v u s c l e s .  P a r t  B a l s o  shows a  measured 
s t a t i c  p o s i t i o n  when t h e  v i b r a t i o n s  s t o p o e d .  The format 
o f  t h i s  f i g u r e  i s  t h e  s a n e  as. t h a t  f o r  Ftg. 7 -2 .  
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somewhat d u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t .  Al though t h e  
e x c i s e d  musc le  p r e p a r a t i o n s  o p e r a t e d  q u i t e  n o r m a l l y  f o r  s h o r t  
p e r i o d s  o f  t i m e ,  t h e  i n c r e a s e d  e x p o s u r e  o f  t h e  t i s s u e s  t o  
I 
t h e  a i r  seemed t o  a c c e l e r a t e  d e s i c c a t i o n .  As a r e s u l t ,  i t  
was found d i f f i c u l t  t o  m a i n t a i n  s t e a d y - s t a t e  v i b r a t i o n s  l o n g  
enough f o r  a comple t e  s e t  o f  measurements .  
The t r a j e c t o r y  i n  p a r t  A o f  F i g .  7-20 seems p a r t i c u l a r -  
l y  s i m p l e  i n  s h a p e ,  w i t h  no a p p a r e n t  p e r t u r b a t i o n .  IIor.!ever, 
t h i s  s i m p l i c i t y  i s  p r o b a b l y  n o t  due  t o  t h e  l a c k  of t h e  vo- 
c a l i s  musc l e .  The t r a j e c t o r i e s  i n  p a r t  F and p a r t  M ( p a r -  
t i c l e  1) o f  F i g .  7-2. b o t h  o f  which i n v o l v e  t h e  same l a r y n x  
w i t h  t h e  musc le  i n t a c t ,  a r e  a l s o  c o m p a r a t i v e l y  s i m p l e .  T h e  
t r a j e c t o r y  f o r  t h e  exc i sed -musc le  p r e p a r a t i o n  seems abnormal  
M ..3 
i n  t h a t  i t s  ma jo r  a x i s  i s  t i l t e d  away f r o n  r a t h e r  t h a n  t o -  
w a r d  t h e  m i d l i n e ,  b u t . o t h e r  a s p e c t s  a r e  no rma l . .  G l o t t a l  
c l o s u r e  o c c u r s  d u r i n g  t h e  r i s i n g  p a r t  of t h e  t r a j e c t o r y ,  and  
t h e  p a r t i c l e  becomes more a s s o c i a t e d  w i t h  t h e  m e d i a l  v o c a l  
f o l d  s u r f a c e  d u r i n z  t h e  open p e r i o d  o f  t h e  c y c l e  and on t h e  
i n f e r i o r - g o i n g  p a r t  o f  t h e  t r a j e c t o r y .  
The t r a j e c t o r y  i n  p a r t  B of  F i g .  7-20 c o n t a i n s  a p e r -  
.- . t u r b a t i o n  component.  It shows some s i m i l a r i t y  t o  t h e  t r a -  
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4.g j e c t o r y  i n  p a r t  B o f  Fig. 7-2, which i n v o l v e s  t h e  same 
l a r y n x  w i t h  t h e  musc le  s t i l l  i n t a c t .  IIowever, a s  was t h e  
.- 
c a s e  f o r  p a r t  A of F i g .  7-20 t h e  a x i s  of t h e  ma jo r  p a r t  o f  
m 
t t h e  t r a j e c t o r y  i n  p a r t  B t i l t s  away from t h e  m i d l i n e .  
2 3 2  
The a i r f l o w  r a t e  f o r  t h e  r u n  i n  p a r t  B was a b n o r m a l l y  
h i g h ,  b u t  t h i s  seemed t o  be l a r g e l y  due  t o  a n  i n t e r a r y t e n o i d  
l e a k .  The accompanying comments i n  t h e  f i g u r e  i n d i c a t e  t h a t  
t h e r e  was a  s m a l l  o p e n i n g  and c l o s i n g  g e s t u r e  a t  t h e  end of  
t h e  c l o s e d  p e r i o d  (The c o r r e s p o n d i n g  p a r t  o f  ' t h e  t r a j e c t o r y ,  
a round  phase  i n c r e m e n t s  0 ,  and 1 i s  a t  t h e  p e r t u r b a t i o n . )  
T h i s  t e n d e n c y  f o r  d o u b l e - p u l s i n g  ( o p e n i n g  and c l o s i n g  t w i c e  
i n  one  c y c l e )  o c c u r r e d  mos t ly  f o r  d r i e d - o u t  p r e p a r a t i o n s  
w i t h  h i g h  f l o w  r a t e s .  
A s  i n  p r e v i o u s  f i g u r e s  f o r  s u p r a g l o t t a l  p a r t i c l e s ,  
g l o t t a l  c l o s u r e  o c c u r r e d  i n  t h e  l o w e r  r i s i n g  p a r t  o f  t h e  
t r a j e c t o r y .  Dur ing  t h e  open p e r i o d  i n  t h e  c y c l e  and  o n  t h e  
d e s c e n d i n g  p a r t  o f  t h e  t r a j e c t o r y ,  t h e  p a r t i c l e  moved c l o s e s t  
t o  t h e  m e d i a l - s u p e r i o r  edge .  When d e s i c c a t i o n  o c c u r r e d ,  
t h e  g r e a t e s t  changes  were i n  t h e  v e r t i c a l  component a t  t h e  
s u p e r i o r  p a r t  o f  t h e  t r a j e c t o r y .  The measured s t a t i c  p o s i -  
t i o n  o f  t h e  p a r t i c l e  a t  t h e  end o f  t h e  expe r imen t  w i t h  t h e  
s u b g l o t t a l  p r e s s u r e  s e t  t o  z e r o  was n e a r  t h e  l ower  m e d i a l  
p a r t  o f  t h e  t r a j e c t o r y .  
With e x c i s e d  musc le  p r e p a r a t i o n s ,  v i b r a t i o n s  o f  t h e  
s u b g l o t t a l  membranes c o u l d  be viewed from t h e  o u t s i d e  a s  
w e l l  t h r o u g h  t h e  window. These v i b r a t i o n s  
a p p a r e n t l y  formed a  wave p r o p a g a t i n g  i n  t h e  s u p e r i o r  d i -  
r e c t i o n .  I n  one  c a s e ,  a  rough e s t i m a t e  o f  t h e  p r o p a g a t i o n  
v e l o c i t y  was made by measu r ing  t h e  app rox ima te  p o s i t i o n  of 
t h e  peak  a t  two p h a s e  i n c r e m e n t s .  The v e l o c i t y  was e s t i m a t -  
e d  t o  be  1.1 m/sec . ,  a g r e e i n g  r o u g h l y  w i t h  p r e v i o u s  e s t i -  
m a t e s  a l r e a d y  d i s c u s s e d .  Looking a t  t h e '  t i s s u e s  n e a r  t h e  
b a s e  o f  t h e  v o c a l  f o l d ,  i t  was a l s o  n o t e d  t h a t  t h e  v i b r a -  
t i o n s  were  r e l a t e d  t o  t h e  d e t a i l s  o f  t h e  s u b i l o t t a l  p r e s s u r e  
waveform. The m e d i a l  e x t r e m e s  o f  membrane p o s i t i o n  c o r r e s -  
ponded t o  d i p s  i n  t h e  s u b g l o t t a l  p r e s s u r e  waveform. The 
m a j o r  e x t r e m e  c o i n c i d e d  w i t h  t h e  p r e s s u r e  d i p  f o l l o r v i n g  t h e  
peak  a s s o c i a t e d  w i t h  c l o s u r e ,  b u t  a n o t h e r  l o c a l  e x t r e m e  
c o r r e s p o n d e d  t o  a  s u b s e q u e n t  minimum i n  t h e  r i n g i n g  p r e s s u r e  
waveform. 
Two o t h e r  o b s e r v a t i o n s  were  made c o n c e r n i n g  p h o n a t i o n  
o f  e x c i s e d - m u s c l e  p r e p a r a t i o n s .  F i r s t ,  s e v e r a l  e f f o r t s  t o  
p r o d u c e  f a l s e t t o - m o d e  p h o n a t i o n  proved  u n s u c c e s s f u l ,  a l -  
t h o u g h  f a l s e t t o  c a n  be  p roduced  w i t h  a n  i n t a c t  l a r y n x  ( s e e  
Chap. 6 ) .  Though t h i s  d o e s  n o t  n e c e s s a r i l y  i n d i c a t e  t h a t  
f a l s e t t o  p h o n a t i o n  i s  i m p o s s i b l e  w i t h o u t  t h e  m u s c l e ,  t h e r e  
i s  a t  l eas t  some e f f e c t .  Second,  when s i g n i f i c a n t  p a r t s  o f  
t h e  v o c a l  l i g a m e n t  were  c u t  away, t h e  p r e p a r a t i o n  would no 
l o n g e r  s u s t a i n  p h o n a t i o n .  
3B.  D i s c u s s i o n  
Inasmuch a s  p r e v i o u s  o b s e r v a t i o n s  and measurements  
s e e n  t o  i n d i c a t e  a  membrane-wave o r  su r f ace -wave  phenomenon, 
i t  i s  a p p r o p r i a t e  t o  examine t h e  d e g r e e  t o  which t h e  v o c a l  
l i g a m e n t  and  v o c a l  musc l e ,  which form most o f  t h e  body of 
the vocal fold, are involved. We examined this question by 
studying the phonatory effect of altering the muscle (and 
ligament). We could not independently manipulate the tension 
of the muscle. (This is, in fact, the main limitation of 
the.excised larynx preparation, and it is important to re- 
call that these experiments simulate at best only low vo- 
calis-tension situations.) Thus, instead of nanipulatin~ 
the tension, we altered the muscle by removing it. 
The results of this experiment indicate that the vocal 
muscle in excised larynxes does not play an essential role 
in producing chest voice, though,it may be important for 
falsetto. The apparent waves on the medial vocal-fold sur- 
face have the same approximate propagation velocity in in- 
tact and excised preparations. In our s?3all sample, the 
only significant effect of removing the muscle on the tra- 
jectory of a particle on the superior surface was to change 
the angle of its major axis. However, even if the slack 
muscle does not play a significant role in producing phona- 
tion, varying the tension of the muscle is probably im- 
portant in regulating phonation. We can only speculate on 
mechanisms for this control such as adjusting the tension 
of the vocal ligament and elastic tissues, or controlling 
the shape of the undersurface of the folds. Though re- 
moving the muscle does not seen to appreciably change the 
velocity of the apparent wave, perhaps tensing the intact 
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muscle  would have  some e f f e c t .  
As ide  f rom t h e i r  i m p l i c a t i o n  a b o u t  t h e  i m p o r t a n c e  o f  t h e  
musc le  i t s e l f ,  t h e  r e s u l t s  o f  t h i s  s e c t i o n  a l s o  i n d i c a t e  t h a t  
t h e  s u r f a c e  t i s s u e s  on  t h e  l a t e r a l  p a r t  o f  t h e  v o c a l  f o l d ' s  
s u p e r i o r  s u r f a c e  p r o b a b l y  do n o t  i n f l u e n c e  p h o n a t i o n .  They 
a l s o  show t h a t  t h e  body of  t h e  v o c a l  l i g a m e n t  i t s e l f  i s  a n  
e s s e n t i a l  s t r u c t u r e  i n  p r o d u c i n g  p h o n a t i o n .  
4 A .  S t a t i c  Response t o  Var:?ing S u b g l o t t a l  P r e s s u r e  
-. - - 
I n  o r d e r  t o  d e t e r m i n e  some o f  t h e  s t a t i c  mechan ica l  
c h a r a c t e r i s t i c s  t h e  v o c a l  f o l d s ,  t h e  s t a t i c  s h a p e  o f  t h e  
f o l d s  i n  t h e  f r o n t a l  p l a n e  was measured as s u b g l o t t a l  p r e s -  \ 
s u r e  Kas s y s t e m a t i c a l l y  i n c r e a s e d .  The l a r y n x e s  were p l a c e d  
r 
i n  a p h o n a t o r y  c o n f i g u r a t i o n  ( w i t h  t h e  g l o t t i s  c l o s e d ) ,  and  
r~ t h e n  s u b g l o t t a l  p r e s s u r e  was v a r i e d  t h r o u g h  a r a n g e  o f . v a l u e s  
be low t h o s e  f o r  which p h o n a t i o n  was i n i t i a t e d .  The measure-  
ment a p p a r a t u s  was u s e d . t o  o b t a i n  c o o r d i n a t e s  o f  s e v e r a l  
p o i n t s  a l o n e  t h e  v o c a l  f o l d  s u r f a c e  a t  each  v a l u e  o f  sub-  
g l o t t a l  p r e s s u r e .  Three  s e t s  o f  t h e s e  measurements ,  f o r  tv:o 
d i f f e r e n t  l a r y n x e s  a r e  shown i n  P i g .  7-21. 
I n  p a r t s  A and  B o f  F i g .  7-21, measurements  were made 
l a r g e l y  on o n l y  one  f o l d  ( t h e  l e f t ) .  I n  p a r t  C ,  more ex- 
- 
4.i t e n s i v e  measurements  were made on b o t h  f o l d s .  
The r e s u l t s  shown i n  F i g .  7-21 s h o u l d  be  c o n s i d e r e d  
p r e l i m i n a r y ,  and t h e  e x p e r i m e n t s  s h o u l d  e v e n t u a l l y  be r e -  . . 
r\ done more c a r e f u l l y .  I n  each  c a s e ,  d a t a  were c o l l e c t e d  
.I 
Yeasu red  p o s i t i o n s  o f  t 5 e  s t a t i c  v o c a l - f o l d  s u r f a c e s  
i n  t h e  frontal p l a n e  as a f u n c t i o n  o f  s u b ~ l o t t a l  p r e s s u r e .  
Fac!.~ p a r t  o f  t h e  f i g u r e  r e p r e s e ~ t ' s  a n  i n d i v i d u a l  r u n  i n  
k:hicll s u b g l o t t a l  pressure  was s y s t e n z t i c ? . l l y  i n c r e a s e d  . 
f r o m  z e r o  cm. Ii9P i n  1 cm. I193 s t e p s .  The p l o t t i n g  symbols  
r e p r e s e n t  a c t u a l  measurement;. They a r e  j o i n e d  by  smooth 
l i n e s  t o  r e p r e s e n t  t h e  s h a p e s  o f  t h e  f o l d s .  


f i r s t  f o r  t h e  z e r o  s u b g l o t t a l  p r e s s u r e  c o n d i  t i o n  and  t h e n  a t  
s u c c e s s i v e  1 cm. i n c r e m e n t s .  The measurement p r o c e d u r e .  
was q u i t e  l e n g t h y  - f o r  example ,  t h e  d u r a t i o n  o f  t h e  measure-  
ments  was o v e r  one  and  a  h a l f  h o u r s  f o r  p a r t  B and  a l m o s t  
t h r e e  h o u r s  f o r  p a r t  C .  Dur ing  t h i s  p e r i o d ,  t h e  t i s s u e s  
became d e s i c c a t e d  and  t h e  r e s u l t i n g  change  i n  t h e i r  mechani-  
c a l  p r o p e r t i e s  p r o b a b l y  i n t r o d u c e d  a s y s t e m a t i c  e r r o r .  F o r  
example ,  i n  p a r t s  B and  C ,  t h e  v e r t i c a l  l e v e l  o f  t h e  su -  
p e r i o r  s u r f a c e  d ropped  d u r i n g  s u c c e s s i v e  measurement r u n s ,  
even  though  t h e  s u b g l o t t a l  p r e s s u r e  i n c r e a s e d .  The s i g n i -  
f i c a n c e  o f  t h e s e  e r r o r s  c o u l d  have  been  e s t i m a t e d  by r e -  
p e a t i n g  some o f  t h e  m e a s u r e n e n t s ,  o r  i t  c o u l d  have  b e e n  r e -  
duced  by r a n d o m i z i n g  t h e  o r d e r  o f  t h e  measurements .  
P a r t s  A a n d  B o f  F i g .  7-21 show t h a c t h e  t i s s u e s  on t h e  
i n f e r i o r  a s p e c t  o f  t h e  v o c a l  f o l d s  a r e  " p e e l e d "  a p a r t  a t  
s u c c e s s i v e l y  h i g h e r  l e v e l s  a s  t h e  s u b g l o t t a l  p r e s s u r e  i s  
i n c r e a s e d .  P a r t s  B and  C ,  which r e f e r  t o  t h e  same l a r y n x  
( t h o u g h  n o t  n e c e s s a r i l y  i n  t h e  same c o n f i g u r a t i o n ) ,  a r e  
s i m i l a r  o n  t h e  m e d i a l  s u r f a c e  f o r  t h e  0 cm. H20 and  2 c n .  
1i20 c o n d i t i o n s .  However, a t  1 cm. Ii20 s u b g l o t t a l  p r e s s u r e ,  
t h e  g l o t t i s  i s  c l o s e d  i n  p a r t  B b u t  open i n  p a r t  C .  A c t u a l -  
l y ,  d u r i n g  t h e  e x p e r i m e n t  a s s o c i a t e d  w i t h  p a r t  C o f  t h e  
f i g u r e ,  h y s t e r e s i s  was n o t e d  i n  t h e  b e h a v i o r  o f  t h e  v o c a l  
f o l d s  w i t h  v a r y i n g  s u b g l o t t a l  p r e s s u r e .  A t  1 cm. H20, t h e  
g l o t t i s  c o u l d  b e  c l o s e d  o r  open ,  d e p e n d i n g  on w h e t h e r  t h e  
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v a l u e  o f  s u b g l o t t a l  p r e s s u r e  was approached  from below o r  
a b o v e ,  r e s p e c t i v e l y .  The open c o n f i g u r a t i o n  was chosen  f o r  
measurements  b e c a u s e  i t  was more s t a b l e .  
F i g .  7-22 shows t h e  s t a t i c  p o s i t i o n  as  a func t :on  of  
s u b g l o t t a l  p r e s s u r e  f o r  t h e  l e f t  f o l d  o f  t h e  .same l a r y n x  a s  
i n  p a r t  B and  C o f  F i g .  7-21, a f t e r  t h e  v o c a l  musc le  was 
u n i l a t e r a l l y  e x c i s e d .  The p l o t  t h u s  shov~s  e s s e n t i a l l y  t h e  
i n n e r  and  o u t e r  s u r f a c e s  o f  t h e  conus e l a s t i c u s  and l i g a m e n t  
and  w h a t e v e r  s u r f a c e  t i s s u e s  a r e  a t t a c h e d .  The t h i c k n e s s  
o f  a l l  t h e s e  t i s s u e s  i s  a b o u t  1 t o  11/2 mm. f o r  t h e  O cm. 
H20 and  1 cm. H20 c o n d i t i o n s ,  d u r i n g  which t h e  g l o t t i s  i s  
c l o s e d .  However, t h e  measured t h i c k n e s s  was s m a l l e r  when 
t h e  s u b g l o t t a l  p r e s s u r e  was i n c r e a s e d  t o  2 cm. H20. T h i s  
may be  due  t o  d e s i c c a t i o n ,  which would b a a c c e l e r a t e d  by 
t h e  f l o w  o f  a i r  t h r o u g h  t h e  open g l o t t i s  d u r i n g  t h i s  l a s t  
p a r t  of  t h e  e x p e r i m e n t .  A t  t h e  b e g i n n i n g  o f  t h e  e x p e r i m e n t ,  
i t  was n o t e d  t h a t  p h o n a t i o n  ( w i t h  a fundamen ta l  f r e q u e n c y  
o f  80  112) was i n i t i a t e d  a t  a s u b g l o t t a l  p r e s s u r e  v a l u e  n e a r  
2  cm. H20. A s  a r e s u l t  o f  t h e  d e s i c c a t i o n ,  a t  t h e  end o f  
t h e  e x p e r i m e n t ,  t h e  p r e p a r a t i o n  would n o t  phona te  a t  any 
v a l u e  o f  s u b g l o t t a l  p r e s s u r e .  
4 B .  D i s c u s s i o n  
Because  o f  e x p e r i m e n t a l  p roblems,  t h e  v a l i d i t y  o f  t h e  
d a t a  p r e s e n t e d  i n  t h i s  s e c t i o n  i s  q u e s t i o n a b l e .  D i s r e g a r d -  
i n g  t h e s e  p r o b l e m s ,  however ,  d a t a  such  as  t h e s e  may be  u s e d  
FIGURE 7-22 
?!easurements s i m i l a r  t o  t h o s e  i n  P i p .  7 -21  for a l a r y n x  
w i t h  t h e  l e f t  v o c a l  m u s c l e  e x c i s e d .  A t  e e c 5  v a l u e  o f  
s u b g l o t t a l  p r e s s u r e ,  b o t h  the inside a n d  t h e  o u t s i d e  s u r f a c e  
o f  t h e  l e f t  v o c a l  f o l d  i s  represented. 
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to evaluate the static mechanical constants of models of the 
vocal folds. In terms of the two-mass model, for exanple, 
the'mass displacements, xl and x2, can be derived from the 
measurements themselves. The forcing function (pressure) is 
known when the glottis is closed and can be estimated when 
the glottis is open. From this information, the spring 
constants kl, k2, and kc (see Chap. 4 )  can be estimated. 
This analysis of.the results will be discussed further in 
the following chapter. 
The hysteresis effect in the glottal opening as sub- 
glottal pressure is varied may be due to surface tension 
effects. When the glottis is closed, surface tension may 
keep it closed' as pressure is raised, though the glottis may 
be open (in the absence of surface forces:-) if the same value 
of subglottal pressure is reached from above with the 
glottis open. Whether or not surface tension contributes in 
such a way to the mechanical behavior of the folds should be 
investigated further if measurements such as these are used 
to derive mechanical properties of the tissues. (YJote also 
...- the discussion of surface tension in the first part of this 
chapter.) It should be pointed out that surface tension is 
- .  
.S f .: not necessary to account for 'the hysteresis. Such an ef- 
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fect can be predicted within the. frame~ork of the two-mass 
model, since there are, in general, at least two solutions 
to the static equations for the model. 
Area i n  t h e  f r o n t a l  p l a n e  i s  n o t  c o n s e r v e d  as  s u b g l o t t a l  
p r e s s u r e  i s  r a i s e d ,  e s p e c i a l l y  i n  p a r t  C o f  F i g .  7-21 and 
i n  F i g .  7-22. I n  t h e s e  e x p e r i m e n t s ,  t h e  l o s s  o f  a r e a  i s  
p r o b a b l y  due  t o  l o s s  i n  t h e  water c o n t e n t  o f  t h e  t i s s u e s .  
However, f u r t h e r  a t t e n t i o n  s h o u l d  be p a i d  t o ' t h i s  i s s u e  if 
t h e  e x p e r i m e n t s  a r e  r e p e a t e d .  I n  p a r t  A o f  F i g .  7-21, t h e  
s u p e r i o r  s u r f a c e  seems t o  b u l g e  upva rd  when s u b g l o t t a l  
p r e s s u r e  i s  i n c r e a s e d  t o  2 cm. H20, as mass i s  d i s p l a c e d  
orl t h e  u n d e r s u r f a c e  cf t h e  v o c a l  f o l d s .  The p o s s i b i l i t y  of  
s u c h  a  phenomenon was s u g g e s t e d  i n  t h e  f i r s t  s e c t i o n  of 
t h i s  c h a p t e r  ( s e e  F i g .  7 -10) .  tIowever, t h i s  k i n d  o f  t i s s u e  
d i s p l a c e m e n t  does  n o t  seem t o  o c c u r  i n  parts B and C of 
t h e  f i g u r e .  
C h a p t e r  8 A p p l i c a t i o n  o f  R e s u l t s  t o  a  L a r y n c e a l  !<ode1 
A s t a t e d  p u r p o s e  o f  t h i s  t h e s i s  i s  t o  p r o d u c e  q u a n t i t a -  
t i v e  d a t a  which c a n  be  a p p l i e d  d i r e c t l y  t o  t h e  prob lem o f  
l a r y n g e a l  m o d e l l i n g .  The t y p e  and amount o f  d a t a  we have  
p roduced  a r e  n o t  s u f f i c i e n t  t o  r i g o r o u s l y  t e s t  e x i s t i n g  
models  o r  t o  d e v e l o p  new o n e s .  lIowever, i t  i s  p o s s i b l e  ( a n d  
i n t e r e s t i n g )  t o  examine how w e l l  a  s p e c i f i c  model o f  t h e  
l a r y n x  ( a  two-segment model o f  t h e  g l o t t i s  and a too-mass 
model o f  t h e  v o c a l  f o l d s  which was d i s c u s s e d  i n  Chap. 4) c a n  
be f i t  t o  t h e  d a t a  t o  a c c o u n t  f o r  t h e  i n t e r r e l a t i o n s h i p s  we 
have  measu red .  Though we do n o t  e x p e c t  s i g n i f i c a n t  d i f f e r -  
e n c e s ,  i t  s h o u l d  be  b o r n e  i n  mind t h a t  we a r e  r e f e r r i n g  t o  
t h e  niodel f o r  a n  e x c i s e d  dog  l a r y n x  r a t h e r  t h a n  a l i v e  human. 
T h i s  c h a p t e r  i s  d e v o t e d  t o  a p p l y i n g  a tGG-segment f i t  t o  
t h e  measured  o r  e s t i m a t e d  f r o n t a l  p l a n e  d e s c r i p t i o n s ,  and 
t h e n  examin ing  how w e l l  t h e  t h e o r y  d e v e l o p e d  f o r  t h e  two- 
mass model a c c o u n t s  f o r  t h e  o b s e r v e d  aerodynamic  and mechani-  
c a l  phenomena. 
L o c a t i o n  o f  G l o t t a l  S e ~ m e n t s  i n  t h e  F r o n t a l  P l ane  
V e r t i c a l  L e v e l :  The r e s u l t s  p r e s e n t e d  i n  t h e  p r e v i o u s  
c h a p t e r  i n d i c a t e  t h a t  t h e r e  a r e  v e r t i c a l  movements o f  a t  
l e a s t  p a r t s  o f  t h e  f o l d s  which a r e  o f  s i g n i f i c a n t  magni tude  
compared t o  t h e  h o r i z o n t a l  movements, whereas  t h e  model 
a l l o w s  o n l y  h o r i z o n t a l  movements o f  t h e  two masses .  We w i l l  
a l l o w  t h e  v e r t i c a l  p o s i t i o n  o f  t h e  two segments  t o  v a r y ,  
f o l l o w i n g '  t h e  ( s u b j e c t i v e l y  d e f i n e d )  upper  edge o f  t h e  f o l d s  
as r e c o n s t r u c t e d  f rom t h e  d a t a .  T h i s  a s s u m p t i o n  does  n o t  
c o n f l i c t  w i t h  t h e  aerodynamic t h e o r y .  Ilowever, i t  d o e s  
c o n f l i c t  w i t h  t h e  a s sumpt ions  o f  t h e  mechan ica l  two-mass 
model .  Our p r o c e d u r e  i s  v a l i d  o n l y  i f  v e r t i c a l  and h o r i -  
z o n t a l  components o f  t h e  v i b r a t i o n s  a r e  n o t  c o u p l e d .  
We w i l l  s e t  t h e  t o t a l  v e r t i c a l  t h i c k n e s s  o f  t h e  two 
segmen t s  t o  t h r e e  m i l l i ~ e t e r s ,  as h a s  been  commonly assumed 
by m o d e l l e r s  of t h e  human g l o t t i s  ( e . ~ .  van den  Berg e t  a l . ,  
-- 
1357;  C r y s t a l ,  1366; I s h i z a k a  and F l a n a g a n ,  1 9 7 2 ) .  We w i l l  
a l s o  a r b i t r a r i l y  s e t  t h e  two segments  e q u a l  i n  v e r t i c a l  
t h i c k n e s s  ( e a c h  1 . 5  m m )  . 
An alternative method, v h i c h  we d i d  n o t  a d o p t ,  i s  sug-  
g e s t e d  b y  o u r  f i n d i n g  t h a t  v e r t i c a l  e x t e G  o f  t h e  t r a j e c t -  
o r i e s  d e c r e a s e s  w i t h  d e s c e n d i n g  l e v e l .  The g l o t t a l  segment  
c o r r e s p o n d i n g  t o  mass 1 may be more n e a r l y  f i x e d  i n  v e r t i c a l  
l e v e l ,  and t h a t  c o r r e s p o n d i n g  t o  mass 2 would v a r y  i n  v e r -  
t i c a l  t h i c k n e s s ,  e x t e n d i n g  from t h e  t o p  o f  mass 1 t o  t h e  
s u p e r i o r  s u r f a c e  o f  t h e  f o l d .  T h i s  p r o c e d u r e  might  be !.Jar- 
r a n t e d  by t h e  o b s e r v a t i o n  t h a t  t h e  s u p e r i o r  s u r f a c e  o f  t h e  
a- 
f o l d  i n  Fig .  7-11 and  F i g .  7-12 b u l g e s  up n e a r  t h e  c ~ i d l i n e  
- 
, " 
i. % d u r i n g  t h e  c l o s e d  p e r i o d  and e a r l y  open p e r i o d  a s  if t h e  
- 
mass o f  t h a t  p a r t  o f  t h e  f o l d  i s  "squeezed" - 1 . e .  r c d u c e c  
i n  h o r i z o n t a l  d e p t h  b u t  i n c r e a s e d  i n  v e r t i c a l  t h i c k n e s s .  
P H o r i z o n t a l  D i sp l acemen t :  Given a g r a p h i c a l  r e p r e s e n t a -  
I 
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t i o n  o f  t h e  s h a p e  o f  t h e  g l o t t i s  i n  fr s e c t i o n ,  a n  ob- 
j e c t i v e  method i s  needed t o  a s s i g n  h o r i z o n t a l  p o s i t i o n s  f o r  
t h e  two segmen t s .  The h o r i z o n t a l  d i s t a n c e  f rom t h e  m i d l i n e  
o f  t h e  g r a p h i c a l  r e p r e s e n t a t i o n  w i l l  n o r m a l l y  v a r y  o v e r  t h e  
v e r t i c a l  e x t e n t s  o f  i n b e r e s t .  F o r  m e c h a n i c a l  c o n s i d e r a t i o n s ,  
we a r e  c o n c e r n e d  w i t h  d i s p l a c e m e n t s  o f  a " c e n t e r  o f  mass". 
S i n c e  t h e  g l o t t a l  segments  r e p r e s e n t  t h e  s u r f a c e  o f  model 
m a s s e s ,  a r e a s o n a b l e  p r o c e d u r e  i s  t o  s e t  t h e  h o r i z o n t a l  
p o s i t i o n  o f  t h e  segment  e q u a l  t o  t h e  a v e r a g e  h o r i z o n t a l  po- 
s i t i o n  o f  t h e  g r a p h  o v e r  t h e  a p p r o p r i a t e  v e r t i c a l  r a n g e  
( i . e .  " s i m p l e  a v e r a g i n g t ' ) .  Fo r  a e r o d y n a n i c  c o n s i d e r a t i o n s ,  
weigl however ,  t h i s  method g i v e s  i n s u f f i c i e n t  h t i n g  t o  s n a l l  
g l o t t a l  w i d t h s .  F o r  example ,  i f  t h e  g l o t t i s  i s  c l o s e d  o v e r  
o n l y  a  s m a l l  p a r t  o f  i t s  t h i c l t n e s s ,  t h e  s i m p l e  a v e r a g e  v r i l l  
g i v e  a  nonze ro  w i d t h  a l t h o u g h  c l e a r l y  t h e r e  c a n  b e  no a i r -  
f l o w .  Thus ,  f o r  a e r o d y n a n i c  c o n s i d e r a t i o n s ,  a  more app ro -  
p r i a t e  a l g o r i t h m  i s  t o  s e t  t h e  i n v e r s e  s q u a r e  o f  t h e  
m o d e l ' s  h o r i z o n t a l  p o s i t i o n  e q u a l  t o  t h e  a v e r a g e  i n v e r s e  
s q u a r e  v a l u e  o f  t h e  measured d i s p l a c e m e n t s  o v e r  t h e  app ro -  
p r i a t e  v e r t i c a l  r a n g e  (i . e .  " i n v e r s e  s q u a r e  a v e r a g i n g " ) .  
The r e s u l t s  o f  t h i s  c a l c u l a t i o n ,  when s u b s t i t u t e d  i n t o  t h e  
ae rodynamic  f o r m u l a e  f o r  t h e  two-segment g l o t t i s  g i v e  a  
more r e a l i s t i c  e s t i m a t e  o f  g l o t t a l  a i r f l o w .  Given t h e  
a i r f l o w  and a s suming  i d e a l  B e r n o u l l i  r e l a t i o n s h i p s  a l o n g  
t h e  p a r t  o f  t h e  g l o t t i s  c o r r e s p o n d i n g  t o  mass 1, t h e n  t h e  
c a l c u l a t e d  v a l u e  o f  t h e  p r e s s u r e  P1 c o r r e s p o n d s  t o  t h e  
a v e r a g e  v a l u e  o f  p r e s s u r e  o v e r  t h e  r ange  i f  t h e  i n v e r s e  
s q u a r e  d i s p l a c e m e n t s  a r e  u s e d .  
A s  a  r e s u l t  o f  t h e s e  c o n s i d e r a t i o n s ,  we b r i l l  u s e  t h e  
i n v e r s e  s q u a r e  c a l c u l a t i o n s  e x c e p t  when a p p l i e d  t o  t h e  lo!.:er 
segment w h i l e  t h e  uppe r  segment i s  c l o s e d .  I n  t h i s  re- 
s t r i c t e d  s i t u a t i o n ,  when t h e r e  i s  no a i r f l o w ,  we w i l l  u se  
t h e  s i m p l e  a v e r a g e  c a l c u l a t i o n .  
- Though i t  i s  n o t  n e c e s s a r y  t o  c o n s i d e r  t h e  h o r i z o n t a l  
d e p t h  o f  t h e  masses  h e r e ,  we o b s e r v e  t h a t  t h i s  v a l u e  s h o u l d  
p r o b a b l y  be 1 . 0  t o  1 . 5  m m . ,  i n  a c c o r d a n c e  w i t h  o u r  f i n d i n g s  
i n  t h e  p r e v i o u s  c h a p t e r  t h a t  e s s e n t i a l l y  normal  v i b r a t i o n s  
a r e  p o s s i b l e  \:it11 o n l y  a  membrane o f  t h a t  t h i c k n e s s .  
R e s u l t s  o f  C a l c u l a t i o n s :  The two-segment model was f i t  
*-> 
t o  t h e  s k e t c h e s  (shown i n  F i g u r e s  7-11 and 7-12) which were 
r e c o n s t r u c t e d  from measu renen t s .  F i g u r e  8-1 shows t h e  
h o r i z o n t a l  d i s p l a c e m e n t  waveforms f o r  t h e  two segments  and  
a l s o  a p l o t  o f  t h e i r  v e r t i c a l  l e v e l .  P i g .  8-2 shows t h e  
segments  supe r imposed  on t h e  s k e t c h e s  t h e m s e l v e s ,  t o  i l l u s -  
t r a t e  g r a p h i c a l l y  t h e  a v e r a g i n g  p r o c e d u r e .  I n  F i g .  8-1,  
t h e  dashed  l i n e  I n d i c a t e s  t h e  r e s u l t  o f  u s i n g  i n v e r s e  
s q u a r e  a v e r a g i  ; h e r  t h a n  s i m p l e  a v e r a g i n g  f o r  t h e  seg- 
ment c o r r e s p o n d i n g  t o  mass 1 when t h e  one c o r r e s p o n d i n g  t o  
mass 2 i s  c l o s e d .  A t  phase  7  mass 1 momentar i ly  t o u c h e s  
t h e  m i d l i n e  a c c o r d i n g  t o  t h e  i n v e r s e  s q u a r e  c a l c u l a t i o n ,  
P l o t s  o f  t h e  v a r y i n g  p a r a m e t e r s  o f  t h e  two s e c t i o n  f i t s  
t o  t h e  g l o t t a l  s h a p e s  i n  F i g .  7-11.  The u p p e r  p a r t  o f  t h e  
f i ~ u r e  s h o ~ s  v a r i a t i o n  i n  t h e  v e r t i c a l  l e v e l  o f  t h e  two  
- 
s e c t i o n s .  The lov ie r  p a r t  o f  t h e  f i g u r e  sho:%!s t h e  h o r i z o n t a l  
d i s t a n c e  f r o m  t h e  m i d l i n e  o f  t h e  t v o  s e c t i o n s .  The n l o t t i n s  
s g f i b o l s  sho1.1 t h e  r e s u l t s  o f  t h e  c a l c u l a t i o n s .  They  h a v e  
a r b i t r a r i l y  b e e n  j o i n e d  by a smooth  c u r v e .  The s y m b o l s  
j o i n e d  by t h e  s o l i d  l i n e  shov: t h e  r e s u l t s  o f  a p p l y i n g  t h e  
a l g o r i t h m  d e s c r i b e d  i n  t h e  t e x t .  The s y m b o l s . j o i n e d  b y  t h e  
b r o k e n  l i n e  shov: t h e  r e s u l t  o f  a p p l y i n g  t h e  i n v e r s e - s q u a r e  
c a l c u l a t i o n  t o  t h e  l o w e r  s e c t i o n  n h e n  t h e  u p p e r  s e c t i o n  i s  , 
c l o s e d .  
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S k e t c h e s  o f  the v o c a l - f o l d  f r o n t a l  s e c t i o n s  from 
Fig. 7-11 viith t h e  d e r i v e d  two-section approximation 
supe r imposed .  
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b u t  F i g .  8-2 shows t h a t  t h e  a c t u a l  b o r d e r  o f  t h e  f o l d  t o u c h e s  
- t h e  m i d l i n e  o n l y  a t  t h e  ex t reme o f  t h e  v e r t i c a l  r a n g e  o f  
mass 1. Thus ,  t h e  s i m p l e  a v e r a g e  c a l c u l a t i o n  a p p e a r s  more 
r e a l i s t i c  f o r  t h i s  s i t u a t i o n .  
The waveform f o r  x l ,  t h e n ,  n e v e r  r e a c h e s  z e r o .  It i s  
a f a i r l y  smooth waveform (we igh ted  toward t h e  low p a r t  o f  
t h e  s p e c t r u m )  w i t h  a maximum s l i g h t l y  p a s t  phase  3 and a 
minimum r o u g h l y  a h a l f  c y c l e  away a t  phase  7 .  The waveform 
f o r  x2 i s  more p u l s a t i l e ,  s i n c e  i t  i s  z e r o  f o r  a l m o s t  one- 
h a l f  o f  t h e  c y c l e .  I t s  peak o c c u r s  n e a r  p h a s e  4, l a g g i n g  
a b o u t  1 / 8  c y c l e  t h e  peak f o r  xl. ( T h i s  i s  d e s p i t e  t h e  f a c t ,  
o b s e r v e d  i n  t h e  p r e v i o u s  c h a p t e r ,  t h a t  p a r t i c l e  2 l a g s  be- 
h i n d  p a r t i c l e  3 by a b o u t  1/2  c y c l e . )  
A two-segment f i t  was a l s o  a p p l i e d  t b  t h e  r e s u l t s  o f  
t h e  s t a t i c  e x p e r i m e n t s  d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r .  
The segment  p o s i t i o n s  were c a l c u l a t e d  f o r  t h e  s h a p e s  p l o t t e d  
i n  F i g .  7-21 and  F i g .  7-22 u s i n g  t h e  same a v e r a g i n g  p roce -  
d u r e s  a s  f o r  t h e  v i b r a t i o n  c a s e .  The r e s u l t s  a r e  t a b u l a t e d  
i n  t h e  f i f t h  and  s i x t h  columns o f  T a b l e  8 . 1 .  
Aerodynamic Theory :  C a l c u l a t i o n  o f  - Average Airf101.1 
Accord ing  t o  t h e  aerodynamic t h e o r y  deve loped  f o r  t h e  
two-mass model ,  g l o t t a l  a i r f l o w  c a n  be  c a l c u l a t e d  from t h e  
r e l a t i o n s h i p  
( s e e  c h a p t e r  4 ) .  F o r  t h e  pu rposes  o f  t h i s  c h a p t e r ,  xl and 
x a r e  t h e  a s s i g n e d  d i s p l a c e m e n t s  o f  t h e  g l o t t a l  segments  2  
c o r r e s p o n d i n g  t o  mass 1 and mass 2 ,  r e s p e c t i v e l y ,  and  L i s  
t h e  l e n g t h  o f  t h e  e q u i v a l e n t  r e c t a n g l e  ( h a v i n g  t h e  same a r e a  
as t h e  a c t u a l  g l o t t i s ) .  L i s ' t h u s  g e n e r a l l y  s m a l l e r  t h a n  t h e  
t o t a l  l e n g t h  o f  t h e  g l o t t i s .  It may be  n o t e d  t h a t  t h e  above 
r e l a t i o n s h i p  i g n o r e s  n o t  o n l y  t ime  v a r y i n g  e f f e c t s  b u t  a l s o  
e f f e c t s  o f  v i s c o s i t y .  However, c a l c u l a t i o n s  ( S t e v e n s ,  i n  
p r e p a r a t i o n )  i n d i c a t e  t h a t  v i s c o u s  e f f e c t s  a r e  i n s i g n i f i c a n t  
f o r  d i s p l a c e m e n t  v a l u e s  g r e a t e r  t h a n  a b o u t  0 . 2  nm when Ps i s  
a t  a normal  v a l u e  f o r  p h o n a t i o n ,  s o  we a r e  j u s t i f i e d  i n  
i g n o r i n g  t h e n  i n  most o f  o u r  c a l c u l a t i o n s  f o r  t h e  v i b r a t i n g  
c a s e .  However, t h e  c r i t i c a l  v a l u e  i s  h i g h e r  f o r  s m a l l e r  
v a l u e s  o f  Ps ,  s o  i t  may n o t  be v a l i d  t o  n e g l e c t  t h e s e  e f -  
f e c t s  f o r  t h e  s t a t i c  c a s e s .  
The above  r e l a t i o n s h i p  was a p p l i e d  t o  t h e  d a t a  p l o t t e d  
i n  F i g .  8-1, which was d e r i v e d  from t h e  phona to ry  p a t t e r n s  
s k e t c h e d  i n  F i g s .  7-11 and 7-12. I n  t h u s  d e r i v i n g  t h e  
volume v e l o c i t y  waveform, we fo l lowed  t h e  c o n v e n t i o n  o f  
o t h e r  m o d e l l e r s  i n  assuming  t h a t  s u b g l o t t a l  p r e s s u r e  i s  con- 
3 2 s t a n t  ( a t  i t s  measured v a l u e  o f  8 x 1 0  dynes/cm ) ,  though 
a c t u a l l y  t h e r e  may b e  s i g n i f i c a n t  v a r i a t i o n  d u r i n g  t h e  
c y c l e  ( s e e  Chap.  7 ) .  
The r e s u l t s  o f  t h e  c a l c u l a t i o n ,  no rma l i zed  t o  t h e  
e f f e c t i v e  l e n g t h ,  L ,  a r e  p l o t t e d  i n  F i g .  8-3. The a v e r a g e  
C a l c u l a t e d  vraveforms o f  n o r m a l i z e d  g l o t t a l  volume 
v e l o c i t y  f r om t h e  model .  The q u a n t i t y  r e p r e s e n t e d  i s  volume 
v e l o c i t y  p e r  u n i t  g l o t t a l  l e n g t h .  The p l o t t i n g  svrnbols 
i n d i c a t e  . t h e  c a l c u l a t e d  v a l u e s .  They a r e  a r b i t r a r i l y  J o i n e d  
by  a s n o o t h  c u r v e .  
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v a l u e  o f  t h i s  no rma l i zed  v a r i a b l e  i s  abou t  286 cm / s e c .  I n  
o r d e r  t o  a g r e e  w i t h  t h e  measured v a l u e  o f  U -  = 275 c c / s e c ,  8 
L must b e ' c l o s e  t o  1 . 0  cm. T h i s  v a l u e  i s  p r o b a b l y  r e a s o n -  
a b l e .  [The a c t u a l  g l o t t a l  l e n g t h  was n o t  measured d u r i n g  t h e  
e x p e r i m e n t ,  b u t  i t  was p robab ly  a b o u t  1 . 2  cm.] However, i t  
s h o u l d  be p o i n t e d  o u t  t h a t  we a r e  assuming  a l l  t h e  measured 
f low i s  t h r o u g h  t h e  intermembranous g l o t t i s .  If t h e r e  i s  
a  s i g n i f i c a n t  i n t e r c a r t i l a ~ i n o u s  l e a k ,  t h e n  t h e  a c t u a l  f l ow 
t h r o u g h  t h e  i n t e r n e m b r a n o u s  g l o t t i s  i s  less t h a n  275 c c / s e c . ,  
and  th?. e f f e c t i v e  l e n g t h  would have t o  be  s m a l l e r  i n  o r d e r  
t o  f o r c e  a g r e e m e n t .  
I n  c h a g t e r  7 ,  i t  was n o t e d  t h a t  a n  e f f e c t i v e ' t e r m  due  
t o  volume d i s p l a c e m e n t  o f  t h e  v o c a l  f o l d s  s h o u l d  be  added t o  
t h e  volume v e l o c i t y  waveform. The magnitude o f  t h i s  t e r m  
d u r i n g  t h e  c l o s e d  p e r i o d  ( p h a s e  i n c r e m e n t s  7  t o  2 )  was shown 
i n  F i g .  7-16, where i t  was c a l c u l a t e d  o v e r  a n  e f f e c t i v e  
l e n g t h  o f  1 . 2 5  cm. F o r  t h e  s u p r a g l o t t a l  component,  t h e  mag- 
n i t u d e  i s  1 5  - 2 5  c c / s e c .  Re fe rence  t o  F i g .  7-14 i n d i c a t e s  
t h a t  t h e  component due t o  d i s p l a c e m e n t  o f  a r e a  d u r i n g  t h e  
open p e r i o d  might  add a  maximum of  a b o u t  2 5  c c / s e c .  d u r i n g  
t h e  p h a s e  i n t e r v a l  4-5. These v a l u e s  a r e  s e e n  t o  be  q u i t e  
i n s i g n i f i c a n t  i n  compar i son  t o  t h e  c a l c u l a t e d  t h r o u ~ h - f l o w  
v a l u e s .  
The form o f  t h e  c a l c u l a t e d  volume v e l o c i t y  waveform i s  
t h a t  o f  a  s e r i e s  of guises. Each p u l s e  h a s  a  s h a r p e r  o n s e t  
t h a n  o f f s e t ,  and  t h e  r i s i n g  p o r t i o n  i s  s h o r t e r  I n  d u r a t i o n  
t h a n  t h e  f a l l i n g  s e c t i o n .  Both t h e s e  a t t r i b u t e s  a r e  op- 
p o s i t e  t o  t h o s e  o f  t h e  normal human volume v e l o c i t y  v~aveform.  
Ilowever, t h e  c a u s e  o f  t h i s  r e s u l t  i s  p r o b a b l y  - j u s t  t h a t  
g l o t t a l .  i n e r t e n c e  was n o t  c o n s i d e r e d ,  o r  p o s s i b l y  t h a t  t h e r e  
a r e  v a r i a t i o n s  i n  t h e  e f f e c t i v e  l e n g t h ,  L. A l so ,  v i s c o u s  
e f f e c t s  would s h a r p e n  t h e  waveform somewhat n e a r  t h e  c l o s e d  
p e r i o d .  The c a l c u l a t e d  volume v e l o c i t y  waveform i n  f a c t  
r e s e m b l e s  t h e  g l o t t a l  w id th  v a v e f o r n  ( 1 . e .  t h e  minimum o f  
t h e  w i d t h s  f o r  ml and m2),  which i s  known t o  commonly have 
a s h o r t e r  r i s i n g  t h a n  f a l l i n g  ph2se (Sonesson ,  1960;  Timke 
e t  a l . ,  1 9 5 8 ) .  
-- 
F u r t h e r  t e s t  o f  t h e  aerodynamic t h e o r y  can  be  made 
6-> 
u s i n g  t h e  r e s u l t s  o f  t h e  s t a t i c  e x p e r i m e n t s .  The t h i r d  
column o f  T a b l e  8-1 i n d i c a t e s  t i ~ a t  t h e r e  a r e  t h r e e  c a s e s  
f o r  which measurement o f  t h e  a c t u a l  volume v e l o c i t y  a r e  
a v a i l a b l e .  The f o u r t h  column o f  t h e  t a b l e  shows t h a t  a c t u a l  
measurements  o f  t h e  g l o t t a l  l e n g t h  a r e  a v a i l a b l e  f o r  t v o  
o f  t h e s e  t h r e e  c a s e s .  
The r e s u l t s  o f  a p p l y i n g  t h e  volume v e l o c i t y  c a l c u l a -  
t i o n s  u s i n g  t h e  s u b g l o t t a l  p r e s s u r e  f rom column 2 and  t h e  
d i s p l a c e m e n t s  f rom columns 5 and 6 a r e  t a b u l a t e d  i n  column 7 
o f  t a b l e  8-1. Thc v a l u e s  a r e  e x n r e s s e d  n o r m a l i z e d  t o  t h e  
e f f e c t i v e  l e n g t h ,  L .  For  t h e  f i r s t  c a s e  where t h e r e  i s  a  
measured v a l u e  o f  U t h e  c a l c u l a t e d  v a l u e  o f  U /L 
6. e; 
i s  170  crn2/sec,  compared t o  a measured  v a l u e  f o r  U o f  G 
150  c c / s e c .  T h e r e f o r e ,  t h i s  ag reemen t  seems r e a s o n a b l e  w i t h  
a  v a l u e  o f  L e q u a l  t o  0 .9  cm. I n  t h e  s e c o n d  c a s e ,  t h e  c a l -  
2 
c u l a t e d  n o r m a l i z e d  v a l u e  i s  156 cm / s e c ,  compared t o  t h e  
measu red  v a l u e  o f  100  c c / s e c .  To f o r c e  a g r e e m e n t ,  ' t h e  v a l u e  
o f  L must b e  be tween  0 . 6  and  0 .7  cm. A s  shown i n  column !I 
o f  t h e  t a b l e ,  t h e  a c t u a l  l e n g t h  o f  t h e  g l o t t i s  f o r  t h i s  
s i t u a t i o n  was measured  a s  0 . 8  cn .  S i n c e  t h e  e f f e c t i v e  v a l u e  
w i l l  g e n e r a l l y  be  s m a l l e r  t h a n  t h e  a c t u a l  l e n & t h ,  ag reemen t  
i s  n o t  u n r e a s o n a b l e .  I n  t h e  l a s t  c a s e  ( t h e  e x c i s e d  musc l e  
2 
e x p e r i m e n t ) ,  t h e  c a l c u l a t e d  v a l u e  i s  1 4 3  cm / s e c .  and  t h e  
measured  v a l u e  i s  100  c c / s e c .  Thus ,  L must  b e  a b o u t  0 . 7  
t o  f o r c e  a g r e e n e n t .  The a c t u a l  measured  l e n g t h  o f  t h e  
L- 
g l o t t i s  was a b o u t  1 . 0  cm. T h i s  ag reemen t  i s  a g a i n  p r o b a b l y  
w i t h i n  a l l o w a b l e  l i m i t s  t o  c o n f i r m  t h e  ae rodynamic  model .  
I n  summary, t o  t h e  l i m i t e d  e x t e n t  we were  a b l e  t o  p e r -  
f o rm  a n  a n a l y s i s ,  t h e  ae rodynamic  t h e o r y  d e v e l o p e d  f o r  t h e  
two-mass model seems a d e q u a t e  t o  a c c o u n t  f o r  ne . a su red  
r e l a t i o n s h i p s  be tween  g l o t t a l  a i r f l o w  and  s u b g l o t t a l  p r e s -  
s u r e .  T h i s  ag reemen t  t e n d s  t o  s u p p o r t  I s h i z a k a ' s  f o rmu la -  
t i o n  f o r  t h e  k i n e t i c  l o s s  a t  t h e  g l o t t a l  e x i t  ( I s h l z a k a  and  
? < a t s u d a i r a j l g 7 2 ) r a t h e r  t h a n  van den Berg  -- e t  a l . ' s  (i357) 
f i n d i n g s  - which  would imply  a c o e f f i c i e n t  o f  0 . 5  r a t h e r  
t h a n  1 . 0  f o r  t h e  1 / x Z 2  t e r m .  i iowever,  more d e t a i l e d  d a t a  
a r e  r e q u i r e d  i n  o r d e r  t o  t e s t  t h e  t h e o r y  a d e q u a t e l y .  
' c a l c u l a t i o n  o f  P1 
Given t h e  s u b g l o t t a l  p r e s s u r e ,  Ps, and t h e  d i s p l a c e m e n t s  
x1 and x 2 ,  t h e  p r e s s u r e  i n  t h e  l o v e r  s e c t i o n ,  P1, c a n  be  
c a l c u l a t e d  f rom t h e  r e l a t i o n s h i p  
L I 
. PI = Ps when xl # 0. 
A 
The p a r a m e t e r  L d o e s  n o t  e n t e r  i n t o  t h i s . c a l c u l a t i o n .  As 
b e f o r e ,  v i s c o u s  and t i m e - v a r y i n g  e f f e c t s  have  been  n e g l e c t e d .  
Accord ing  t o  t h e  t h e o r y ,  P2 i s  a lways  n e a r  z e r o  when t h e  
g l o t t i s  i s  open .  
The P1 waveform f o r  t h e  v i b r a t i o n  p a t t e r n  i l l u s t r a t e d  i n  
F i g .  7-11 a n d  F i g .  7-12 was c a l c u l a t e d ,  a g a i n  u s i n g  t h e  d a t a  
L- 
p l o t t e d  i n  F i g .  8-1 and  assuming  PS c o n s t a n t  a t  8  cm. H20 
t h r o u g h o u t  t h e  c y c l e .  . F i g .  8-4 shows a p l o t  o f  t h e  r e s u l t s .  
The p r e s s u r e  P1 i s  a lways  w e l l  d e f i n e d ,  s i n c e  xl n e v e r  be-  
comes z e r o .  
Accord ing  t o  t h e  c a l c u l a t i o n ,  P1 i s  n e g a t i v e  a t  o n l y  one 
o f  t h e  e i g h t  p h a s e  i n c r e m e n t s  ( v i z .  - phase  5 ) .  The magni tude  
o f  t h i s  n e g a t i v e  v a l u e ,  however,  i s  g r e a t e r  t h a n  t h e  maximum 
p o s i t i v e  v a l u e  ( P  ) .  The P  waveform t h e r e f o r e  i s  a  n e g a t i v e  
S 1 
p u l s e  w i t h  i t s  peak  n e a r  phase  5. The a v e r a g e  v a l u e  o f  PI 
Is 4.22 cm. I I20. .  T h e r e f o r e ,  t h e  a v e r a g e  ( n e g a t i v e )  magni- 
t u d e  o f  t h e  p r e s s u r e  waveform, c o n s i d e r i n g  8-cm. H20 a s  a  
b a s e l i n e ,  i s  3.78 cm. H 2 0  
C a l c u l a t e d  r . ;aveforns  o f  t h e  p r e s s u r e ,  P1, i n  t h e  l o v e r  
s e c t i o n  o f  t h e  n o d e l .  Tile c a l c u l a t e d  v a l u e s  a r e  i n d i c a t e d  
by t h e  p l o t t i n g  s y m b o l s .  They a re  a r b i t r a r i l y  c o n n e c t e d  by 
a s m o o t h  c u r v e .  

The work done by P i n  d r i v i n g  t h e  mechan ica l  v i b r a t i o n s  1 
i s  p r o p o r t i o n a l  t o  t h e  t e r m  
where t h e  l e f t  i n t e g r a l  i s  t a k e n  a round a comple t e  c y c l e  o f  
x l ,  and t h e  r i g h t  i n t e g r a l  i s  c o r r e s p o n d i n g l y  t a k e n  o v e r  one 
g l o t t a l  p e r i o d .  The l e f t  hand i n t e g r a l  i s  t a k e n  a s  t h e  a r e a  
o f .  t h e  l o c u s  o f  t h e  v i b r a t i o n s  i n  t h e  P1 - X1 p l a n e .  The 
i n t e g r a n d  o f  t h e  r i g h t  hand e x p r e s s i o n  i s  t h e ' i n s t a n t a n e o u s  
power t r a n s f e r  f rom t h e  aerodynamic s y s t e m  i n  t h e  g l o t t i s  t o  
t h e  m e c h a n i c a l  v i b r a t i o n s .  
F i g u r e  8-5 shows t h e  t r a j e c t o r y  o f  t h e  v i b r a t i o n s  i n  t h e  
P1 - X1 p l a n e .  The s e n s e  o f  t h e  t r a j e c t o r y  i s  s u c h  t h a t  i t s  
13 
a r e a  i n  t h e  above e x p r e s s i o n  i s  pos i . t i ve .  Thus ,  t h e  t h e o r y  
d o e s  i n d e e d  p r o v i d e  t h a t  aerodynamic f o r c e s  d r i v e  t h e  mechan- 
i c a l  v i b r a t i o n s .  The r e g i o n s  o f  t h e  t r a j e c t o r y  e n c l o s e d  b y  
b roken  l i n e s  i n  Pig. 8-5 a r e  t h e  o n l y  ones  f o r  which t h e  
power t r a n s f e r ,  a s  d e f i n e d  i n  t h e  r i g h t  hand e x p r e s s i o n  aSove ,  
i s  n e g a t i v e .  Dur ing  t h e s e  p a r t s  o f  t h e  c y c l e ,  mechan ica l  
e n e r g y  s t o r e d  d u r i n g  t h e  r e s t  o f  t h e  c y c l e  i s  used  t o  oppose 
t h e  aerodynamic  f o r c e s .  One such  p a r t  o f  t h e  c y c l e  iriune- 
d i a t e l y  p r e c e d e s  c l o s u r e .  Thus,  c l o s u r e  i t s e l f  i s  due t o  
momentum of mass 1 a n d / o r  e l a s t i c  r e s t o r i n g  f o r c e s ,  b u t  i s  
n o t  d i r e c t l y  caused  by n e g a t i v e  g l o t t a l  p r e s s u r e .  (How- 
e v e r ,  i t  i s  i n d i r e c t l y  caused  p a r t l y  by t h e  n e g a t i v e  g l o t t a l  
FIGURE 8-5 
T r a j e c t o r y  o f  v i b r a t i o n s  o f  t h e  model i n  t h e  P1 - X1 
p l a n e .  The p o r t i o n s  o f  the  t r a j e c t o r y  e n c l o s e d  by t h e  
b roken  l i n e s  are. t h o s e  f o r  which t h e  a e r o d y n a ~ i c - t o -  
m e c h a n i c a l  power t r a n s f e r  i s  n e g a t i v e .  

p r e s s u r e  .at; phase  inc remen t  5 ) .  C 
P1 h a s  a l s o  been c a l c u l a t e d  f o r  t h e  s t a t i c  e x p e r i m e n t s . .  
The r e s u i t s  a r e  t a b u l a t e d  i n  t h e  l a s t  column o f  T a b l e  8-1. 
P r e s s u r e  canno t  be  d e t e r m i n e d ,  o r  i s  n o t  mean ingfu l ,  when 
x1 = 9.  I n  t h e  f i rs t  s t a t i c  e x p e r i m e n t ,  it. i s  i n t e r e s t i n g  
t o  n o t e  t h a t  P1 d e c r e a s e s  d e s p i t e  a n  i n c r e a s e  o f  Ps when t h e  
g l o t t i s  o p e n s .  
The c a l c u l a t e d  v a l u e s  o f  P1 :$ill be  a p ? l i e d  t o  f u r t h e r  
a n a l y s e s  i n  t h e  n e x t  s e c t i o n .  
S a m ~ l e  C a l c u l a t i o n s  o f  r.lec11anical C o n s t a n t s  f o r  t h e  Two-TnIass 
- - --
D e r i v a t i o n  o f  E l a s t i c  C o n s t z n t s :  The r e s u l t s  o f  t h e  
s t a t i c  e x p e r i n e n t s  can  be s u b s t i t u t e d  i n t o  t h e  s t a t i c  equa- 
t i o n s  f o r  t h e  two-mass model t o  e s t i m a t e  *gome o f  t h e  con- 
s t a n t s .  I n  t h e i r  s i m p l e s t  form (assuming t h e  e l a s t i c  f o r c e s  
l i n e a r ) ,  t h e  s t a t i c  e q u a t i o n s  a r e :  
~ ( X - X ~ ~ )  + kc(?+x1) = P2Ld2 when x;, Z 0  
The c o n s t a n t s  which a r e  t o  be e s t i m a t e d  a r e  t h e  e l a s t i c  
c o n s t a n t s  I?,. K 2 ,  and K c ,  and t h e  o f f s e t  v a l u e s  X , o  and X z 0 .  
The o f f s e t  v a l u e s  a r e  a p p a r e n t l y . z e r o  o r  n e g a t i v e  f o r  t h e s e  
e x p e r i m e n t s .  Ldl and Ld2 a r e  t h e  g l o t t a l - s u r f a c e  a r e a  o f  . 
mass 1 and mass 2 ,  r e s p e c t i v e l y .  F o r  each  s t a t i c  e x p e r i m e n t ,  
we have s e v e r a l  s e t s  o f  v a l u e s  f o r  xl, x 2 ' and P1 t o  s u b s t i -  
t u t e  i n t o  t h e s e  e q u a t i o n s .  There  a r e  n o t  enough samples  w i t h  
x2 # 0 ,  s o  we c a n n o t  make much u s e  o f  t h e  s e c c n d  e q u a t i o n .  
However, we c a n  u s e  t h e  f i r s t .  
Fo r  t h e  f i r s t  s t a t i c  e x p e r i m e n t ,  ( s e e  t a b l e  8-1) 
I K ~ X , ~  I i s  a t  l e a s t  e q u i v a l e n t  t o  a p r e s s u r e  o f  1 cm. B20. 
If we assume t h a t  xl becomes nonze ro  f o r  P1 J u s t  s l i g h t l y  
g r e a t e r  t h a n  1 cm. H20, t h e n  t h e  magni tude  o f  lclxIO- i s  j u s t  
3 1 0  Ldl dynes .  Then,  f o r  Ps = 2  cm. 1120 and  Ps = 3 cm. H20, 
t h e  e q u a t i o n  y i e l d s  
k + kc = ~ d ~ / . 0 1 8  * 10 3 1 and 
T h i s  p r o d u c e s  t h e  c o n t r a d i c t o r y  r e l a t i o n s h i p  Kc> K1 t K c .  
Thus ,  t h e  s i m p l e  two-mass t h e o r y  i s  n o t  a d e q u a t e  t o  a c c o u n t  
f o r  t h e s e  r e s u l t s ,  e i t h e r  b e c a u s e  o f  t h e  form o f  t h e  mechani- 
c a l  model i t s e l f  o r  because  o f  t h e  aerodynamic  model f o r  
e s t i m a t i n g  P1. P o s s i b l y  t h e  n e g l e c t  o f  v i s c o s i t y  was n o t  
a p p r o p r i a t e .  . ( I t  may b e  n o t e d  t h a t  a c o n s i s t e n t  r e s u l t  may 
have  been  o b t a i n e d  i f  a n i g h e r  v a l u e  o f  P1 had been  u s e d  f o r  
t h e  P2 = 3 cm. H20 c o n d i t i o n . )  I f ,  i n  f a c t ,  i t  i s  t h e  a e r o -  
dynamic c a l c u l a t i o n  and n o t  t h e  m e c h a n i c a l  t h e o r y  which i s  
i n a d e q u a t e ,  t h e n  t h e  e s t i m a t e  of  k l  + k2 i s  s t i l l  v a l i d .  
Assuming r e p r e s e n t a t i v e  v a l u e s  o f  L and d l ,  we would t h e n  
TABLE 8-1 
R e s u l t s  o f  f i t t i n g  e tv:o s e c t i o n  g l o t t a l  model t o  
r e s u l t s  o f  s t a t i c  expe r imen t s  ( see  t e x t ) .  A c t u a l  g l o t t a l  , 
' l e n g t h  vas measured i n  on ly  4 c a s e s .  
U 
C C C C  C C M  C. C \f C C M  
t- M  t- ln =r 
d I+ ri rl 
. . .  . . . .  . . .  . . .  
C C C C  C C C  C C -G C C C 
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C O C C  C C C c o s  C C C  
4 Cr. u 
C C C C  O c j L  0 ~ 0 0  C 0 0 
In % 6 o a , c  C 
r( u c: 5 
f i n d  k l  + k c  4 t o  b e  t h e  o r d e r  o f  1 0  dynes/cm. T h i s  v a l u e  
i s  somev:hat smaller t h a n  t h o s e  s u g g e s t e d  by I s h i z a k a l s  
e t  a l . ,  1 9 7 1 ;  I s h i z a k a  and F lanagan ,  1 3 7 2 ) .  
-- 
F o r  t h e  second expe r imen t  i n  T a b l e  8-1, we know t h a t  
3 l K I X l O i <  Ldl x 10  . Then, from t h e  P = 1 cm. H 2 0  c o n d i t i o n ,  
S 
K~ + K ~ <  103/ .023 x  i d l  w i t h  e q u a l i t y  o n l y  i f  xol = 0. 
( T h i s  v a l u e  i s  o n l y  s l i g h t l y  s m a l l e r  t h a n  t h a t  d e r i v e d  from 
t h e  f i r s t  e x p e r i m e n t . )  I f  we assume e q u a l i t y ,  t h e n  t h e  
3  
= 2 cm. H20 c o n d i t i o n  y i e l d s  Kc = 10  / 0 . 28  xLdl 
s . Thus ,  
w e  d e r i v e  t h a t  Kc  i s  a b o u t  f i v e  times s t i f f e r  t h a n  K1. K2 
c a n n o t  b e  d e t e r m i n e d  from t h e s e  e q u a t i o n s  as l o n g  as x  02 
r ema ins  unknown. Zowever, t h e  r e l a t i o n s h i p  
c a n  b e  o b t a i n e d ,  i n d i c a t i n g  t h a t  K 2  i s  no b i g g e r  t h a n  Rc/2 
and  maybe much smal ler .  
F o r  t h i s  t h i r d  expe r imen t  i n  Tab le  8-1, s i m u l t a n e o u s  
e q u a t i o n s  can  b e  s o l v e d  e l i m i n a t i n g  1 xlO/ and  k c ,  s i n c e  
(x l  - x2) i s  t h e  same f o r  Ps = 1 cm. H20 and PS = 2 cm. H20. 
Ldl 
x  l o 3  , which i s  t h e  o r d e r  o f  Thus ,  we d e r i v e  K = - 1 0.14 
3 10 dynes /  cm. assuming r e p r e s e n t a t i v e  v a l u e s  f o r  L and d l .  
However, t h e  s o l u t i o n  o f  tne e q u a t i o n s  y i e l d s  an  u n p h y s i c a l  
n e g a t i v e  v a l u e  f o r  kc .  The v a l u e  f o r  K1 i s  one  t o  two 
o r d e r s  o f  magni tude  below t h a t  d e r i v e d  b y  o t h e r  i n v e s t i g a t o r s  
( s e e  I s h i z a k a  and F l a n a g a n ,  1 9 7 2 ) .  
F o r  t h e  l a s t  ( e x c i s e d  musc le )  e x p e r i m e n t  i n  T a b l e  8-1, 
t h e r e  i s  i n s u f f i c i e n t  d a t a  t o  malcz any  e s t i m a t e s .  
I n  summary, t h e  s t a t i c  e x p e r i m e n t s  a r e  n o t  w e l l  d e s -  
c r i b e d  by .a l i n e a r i z e d  two-mass model.  However, i t  i s  n o t  
c l e a r  w h e t h e r  t ! ~ e  main d i f f i c u l t y  i s  w i t h  t h e  m e c h a n i c a l  
model ,  w i t h  t h e  a e r o d y n a r i c  t h e o r y  f o r  e s t i m a t i n g  P1, o r  
w i t h  t h e  measurements  t h e n s e l v e s .  The e s t i m a t e s  o f  K1 + K c  
i n  t h e  f i r s t  two e x p e r i m e n t s ,  which depended o n l y  on d a t a  
o b t a i n e d  w i t 1 1  t h e  g l o t t i s  c l o s e d ,  a r e  more c o n s i s t e n t  and 
more r e a s o n a b l e  t h a n  t h e  o t h e r  r e s u l t s .  Some o f  t h e  un- 
p h y s i c a l  r e s u l t s  might  have been more r e a l i s t i c  i f  t h e  
e s t i m a t e d  v a l u e s  o f  P1 d u r i n g  t h e  open g l o t t i s  c o n f i g u r a t i o n  
had been  h i g h e r .  However, a s  was a l r e a d y  d i s c u s s e d  i n  
r;> 
C h a p t e r  7 ,  t h e r e  i s  a l s o  r e a s o n  t o  d i s t r u s t  t h e  e x p e r i m e n t s  
t h e m s e l v e s .  R a t h e r  t h a n  f o c u s i n g  on  any i n d i v i d u a l  r e s u l t s ,  
i t  i s  more u s e f u l  t o  c o n s i d e r  t h i s  s e c t i o n  as d e s c r i b i n g  
a method f o r  e v a l u a t i n g  c o n s t a n t s  i n  t h e  two-mass model 
which sI lould be pu r sued  f u r t h e r .  
F u r t h e r  A n a l y s i s  of  Dynamic R e s u l t s :  The fundamen ta l  
s p e c t r a l  component o f  t n e  waveform f o r  xl i n  F i g .  8-1 h a s  a  
peak a m p l i t u d e  of  a b o u t  0.06 .cm, and t h e  phase  o f  t h i s  
component i s  a p p r o x i m a t e l y  phase  3 ( i . e .  3 n / 4  r a d i a n s  r e -  
l a t i v e  t o  z e r o  p h a s e  i n  t h e  f i g u r e .  The x2  waveform i s  
a p p r o x i m a t e l y  a s q u a r e d  h a l f - r e c t i f i e d  c o s i n e  whose peak i s  
s l i g h t l y  p a s t  phase  4. Using t h i s  a p p r o x i m a t i o n ,  i t s  funda-  
m e n t a l  s p e c t r a l  component h a s  a n  a m p l i t u d e  o f  2/3n x  0.15 cm. 
and a phase  o f  abou t  i nc remen t  4. F i n a l l y ,  i f  t h e  P1 wave- 
form shown i n  F i g .  8-4 i s  approximated  as a n e g a t i v e  p u l s e  
w i t h  a v e r a g e  ( D C )  v a l u e  o f  4 .25  cm. H20, i t s  f i r s t  s p e c t r a l  
component h a s  a m p l i t u d e  o f  abou t  4 .25 x l o 3  dynes/cm2 and 
phase  o f  i nc remen t  1. 
The e q u a t i o n  d e s c r i b i n g  t h e  dynamics o f  mass 1 i s :  
x  + r j, + x  x ) + kc(xl-x2) = LdlP1 
m;'l 11  5 1 lo 
i n  which xl ,  x and P l  a r e  f u n c t i o n s  o f  ' t ime  ( s e e  Chap. 4 ) .  2' 
Conver t ing  t o  t h e  f r equency  domain: 
(-m u2 + 32. v + k ) w  + k1 + kc)x1.= ~d~ + k x + JX terns 1 1 1 c m l  c 2 
where now xl, x  and  P1 a r e  f u n c t i o n s  o f  f r e q u e n c y ,  f ,  and  2 ' /.v- has been  i n t r o -  w = 2nf .  The damping r a t i o  = 2 
1 c " 1  
duced.  ( j  i s  t h e  s q u a r e  r o o t  of  -1.) 
We can  make a ( v e r y  rough)  e s t i m a t e  o f  some c o n s t a n t s  by 
s o l v i n g  t h i s  e q u a t i o n  f o r  f a t  t h e  fundamenta l  f r e q u e n c y  
(100 Hz) :  
E q u a t i n g  r e a l  t e rms  : 
I f  we a r b i t r a r i l y  s e t  ?I1 = .020 grams, t h e n  
4 kl  + .63 kc  = 0.8 x 1 0  , which i s  s i m i l a r  t o  t h e  e s t i m a t e s  
d e r i v e d  from t h e  s t a t i c  e x p e r i m e n t s .  
E q u a t i n g  i m a g i n a r y  t e r m s :  C 
Again s e t t i n g  ml = .020 grams and  K1 + K c  = l o 4 ,  t h e  r e s u l t  
i s  o b t a i n e d .  Assuming a  r e p r e s e n t a t i v e  v a l u e  f o r  Ldl, t h i s  
becomes 
We e x p e c t  K c  t o  b e  t h e  o r d e r  o f  magn i tude  o f  l o 4  dynes/cm. 
T h e r e f o r e  crl i s  e x p e c t e d  t o  b e  a b o u t  0  which i n p l i e s  some- 
what more damping t h a n  t h e  a p p r o x i m a t e  v a l u e  o f  0 . 1  s u g g e s t e d  
by I s h i z a k a  ( s e e  I s h i z a k a  and  F l a n a g a n ,  1 9 7 2 ) .  
U 
It i s  emphas i zed  t h a t  t h i s  a n a l y s i s  was c a r r i e d  o u t  o n  
o n l y  t h e  f i r s t  s p e c t r a - l  component ,  and was b a s e d  on  o n l y  
rough  e s t i m a t e s  o f  t h e  s p e c t r a .  F u r t h e r  e x p e r i m e n t a t i o n  and  
f u r t h e r  a n a l y s i s  o f  r e s u l t s  would be  u s e f u l .  
C h a p t e r  9 C o n c l u s i o n s  
The r e s u l t s  o f  t h i s  t h e s i s ' a r e  b r i e f l y  summarized and  
d i s c u s s e d  i n  t h e  f i r s t  p a r t  o f  t h i s  . c h a p t e r .  I n  s h o r t ,  ex -  
p e r i m e n t a l  equ ipmen t  a n d  t e c h n i q u e s  were  d e v e l o p e d  and  u sed  
t o  o b s e r v e  p h o n a t i n e  e x c i s e d  l a r y n x e s  i n  a p p a r e n t  s t o p p e d -  
o r  s l o e - m o t i o n ,  b o t h  f rom t h e  s u p r a g l o t t a l  and  s u b g l o t t a l  
a s p e c t s .  D e t a i l e d  measurements  o f  t h e  v i b r a t r o n  p a t t e r n s  o f  
t h e  l a r y n x e s  were  made. It c a n  be  c o n c l u d e d  t h a t  u s e f u l  
r e s u l t s  we re  p r o d u c e d  u s i n g  t h e  equ ipmen t  and  t e c h n i q u e s .  
A body o f  d a t a  was c o l l e c t e d  and  was u s e d  t o  t e s t  a s p e c t s  o f  
a s p e c i f i c  t h e o r y  o f  p h o n a t i o n  a n d  t o  d e v e l o p  c o n s t r a i n t s  
f o r  mode l s  i n  g e n e r a l .  A t e n t a t i v e  new i n t e r p r e t a t i o n  o f  
t h e  n a t u r e  o f  t h e  m e c h a n i c a l  v i b r a t i o n s  was f o r m u l a t e d .  
The l i n e  o f  r e s e a r c h  i n i t i a t e d  w i t h  t h e s e  e x p e r i m e n t s  
.3 
s h o u l d  be  c o n t i n u e d  a n d  e x t e n d e d .  S p e c i f i c  s u g g e s t i o n s  f o r  
s u c h  f u r t h e r  r e s e a r c h . ' a r e : c o n t a i n e d  a t  t h e  end  o f  t h i s  
c h a p t e r .  
E x p e r i m e n t a l  L L m i t a t i o n s  
As ide  f rom t h e  i n h e r e n t  l i m i t a t i o n s  o f  t h e  e x c i s e d  
l a r y n x  p r e p a r a t i o n  ( f o r  examp le ,  t h a t  t i s s u e  p r o p e r t i e s  a r e  
n o t  e x a c t l y  t h o s e  o f  t h e  l i v e  l a r y n x  and  t h a t  v o c a l i s  musc l e  
- . . 
-. a c t i v i t y  i s  i m p o s s i b l e  t o  s i m u l a t e ) ,  some f u r t h e r  e x p e r i -  
a? . - 
m e n t a l  l i m i t a t i o n s  \ ;ere n o t e d .  F h y s i o l o ~ i c a l  s t e a d y - s t a t e  
was d i f f i c u l t  t o  m a i n t a i n  f o r  t h e  d u r a t i o n  o f  a r u n ,  due  
l a r g e l y  t o  t h e  p rob l em o f  m a i n t a i n i n g  c o n s t a n t  p r o p e r t i e s  o f  
t h e  l a r y n g e a l  t i s s u e s .  I n  p a r t i c u l a r ,  i t  was d i f f i c u l t  t o  
276 . 
p r e v e n t  d e s i c c a t i o n  o f  t h e  t i s s u e s .  The f l ow  r a t e s  p ro -  
duced were g e n e r a l l y  somewhat g r e a t e r  t h a n  t h o s e  f o r  normal  
human p h o n a t i o n .  The h i g h  f l ow  r a t e s  were p r o b a b l y  due  i n  
p a r t  t o  t h e  a n a t o m i c a l  d i f f e r e n c e s  between c a n i n e  and  human 
l a r y n x e s  and  p o s s i b l y  due i n  p a r t  t o  p h y s i o l o g j c a l  d i f f e r -  
e n c e s  be tween  l i v e  and  e x c i s e d  l a r y n x e s .  The s u b g l o t t a l  
s y s t e m  \:as a n  i n a c c u r a t e  model o f  t h e  normal  human o r  dog  
s u b g l o t t a l  s y s t e m ,  a l t h o u g h  i t  was p r o b a b l y  more a c c u r a t e  
t h a n  t h o s e  i n  o t h e r  s u c h  e x p e r i m e n t s .  Al though t h e  " r e s -  
p i r a t o r y  s o u r c e t '  f o r  many of  t h e  e x p e r i m e n t s  v:as b a s i c a l l y  
a  p r e s s u r e  r e g u l a t o r  r a t h e r  t h a n  a  f l o w  r e c u l a t o r ,  i t s  e f -  
f e c t i v e  DC s o u r c e  r e s i s t a n c e  was a p p r o x i m a t e l y  t e n  t i m e s  
t h a t  o f  t h e  normal  human o r  c a n i n e  sys t em.  The a c o u s t i c  
p r o p e r t i e s  o f  t h e  s u b g l o t t a l  sy s t em were a l s o  somewhat i n -  
U 
a c c u r a t e .  The f i r s t  r e s o n a n c e  ( w i t h  t h e  g l o t t i s  c l o s e d )  
was i n  t h e  r a n g e  o f  300 t o  400  Hz. and  t h e  r e s o n a n c e s  v e r e  
p r o b a b l y  t o o  p o o r l y  damped. F i n a l l y ,  a l i m i t a t i o n  i n  i n t e r -  
p r e t i n g  t h e  d a t a  f rom p a r t i c l e - t r a j e c t o r y  measurements  was 
imposed by. u n c e r t a i n t y  a s  t o  whe the r  t h e  p a r t i c l e s  were  
f i r m l y  a t t a c h e d  t o  t h e  s u r f a c e  t i s s u e s .  (The p a r t i c l e s  
whose t r a j e c t o r i e s  were  measured were p r o b a b l y  w e l l  f i x e d  
- 
.F on t h e  t i s s u e s . )  
..! 
An a p p a r e n t l y  normal  c h e s t  r e g i s t e r  v i b r a t i o n  p a t t e r n  
c o u l d  b e  produced  and  f a l s e t t c  r e g i s t e r  c o u l d  a l s o  be  
a c h i e v e d .  However, t h e  a b i l i t y  t o  p roduce  f a l s e t t o  was 
d r a m a t i c a l l y  i m p a i r e d  when t h e  t i s s u e s  becane  ' d e s i c c a t e d .  
A d i s t i n c t  mid r e g i s t e r ,  d i f f e r e n t i a t e d  by t h e  d e g r e e  o f  
a c t i v i t y  o f  t h e  s u b g l o t t a l  p o r t i o n s  o f  t h e  v o c a l  f o l d s ,  
have  been  p roduced .  IIowever, a p p a r e n t  r e g i s t e r  s h i f t s  may 
be  a t t r i b u t a b l e  s o l e l y  t o  a c o u s t i c  e f r e c t s  o f  t h e  s u b g l o t t a l  
t r a c t  r a t h e r  t h a n  s h i f t  of t h e  o v e r a l l  node o f  v i b r a t i o n .  
( T h i s  phenomenon s h o u l d  be s t u d i e d  i n  g r e a t e r  d e t a i l . )  Only 
p !~ona to ry  v i b r a t i o n s  t h a t  brere c l a s s i f i e d  as f ' c I ~ e s t  v o l c e f f  
were u s e d  f o r  measurements .  
The minimum v a l u e  o f  s u b g l o t t a l  p r e s s u r e  f o r  which 
p h o n a t o r y  v i b r a t i o n s  were s p o n t a n e o u s l y  i n i t i a t e d  was aSout  
3 c n .  E20. The mininun  v a l u e  f o r  s u s t a i n i n g  p h o n a t i o n  was 
a b o u t  2 cR. 1120. I n '  g e n e r a l ,  t h e  v a l u e  o f  s u b g l o t t a l  p r e s -  
s u r e  n e c e s s a r y  t o  i n i t i a t e  p h o n a t i o n  was g r e a t e r  t h a n  t h a t  
C> 
n e c e s s a r y  t o  s u s t a i n  p h o n a t i o n .  ( T h i s  f i n d i n g  h a s  p o s s i b l e  
i m p l i c a t i o n s  f o r  e x p l d i n i n g  t h e  c o a r t i c u l a t i o n  o f  v o i c i n g  
d u r i n g  t h e  p r o d u c t i o n  o f  c o n s o n a n t s  i n  s p e e c h . )  Both v a l u e s .  
i n c r e a s e d  d r a m a t i c a l l y  a s  t h e  s u r f a c e  t i s s u e s  o f  t h e  l a r y n x  
became d e s i c c a t e d .  
E f f e c t s  o f  s u r f a c e  t e n s i o n  f o r c e s  between t h e  s u r f a c e s  
o f  t h e  two v o c a l  f o l d s  were n o t e d  on  non-phonatory l a r y n x e s .  
S u r f a c e  t e n s i o n  d i d  n o t  seem t o  be a n  i m p o r t a n t  f a c t o r  d u r i n c  
p h o n a t i o n ,  honeve r  . 
A s  s u b g l o t t a l  p r e s s u r e  was systematically i n c r e a s e d  
w i t 1 1  o t h e r  f a c t o r s  r e m a i n i n g  c o n s t a n t ,  f undamen ta l  f r e q u e n c y  
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was found  t o  i n c r e a s e  a t  a  r a t e  o f  5 t o  7 IIz./cm. ii20 
( F i g s .  6-2, 6 - 3 ,  and  6-11). S u b s t a n t i a l  i n c r e a s e s  i n  funda -  
m e n t a l  f r e q u e n c y  were o b t a i n e d  by s t r e t c h i n g  t h e  v o c a l  f o l d s  
( F i g .  6-51.  
I n i t i a l  measurements  on one l a r y n x  ( F i g . -  7-1) showed 
t h a t  t h e  t o t a l  v e r t i c a l  e x t e n t  i n  a  f r o n t a l  p l a n e  o f  " l a r g e "  
( g r e a t e r  t h a n  a b o u t  0 . 3  mm.) v i b r a t i o n s  was a b o u t  5 t o  7 mm. 
The v e r t i c a l  e x t e n t  o f  t h e  l o c u s  o f  p o i n t s  a t  which c l o s u r e  
o c c u r r e d  was a b o u t  3 mm.  Another  measurement ( F i g .  6 -7 )  
showed t h i s  l o c u s  t o  encompass a b o u t  4 .5  m m . ,  v i t h  maximum 
i n s t a n t a n e o u s  d e p t h  of  c l o s u r e  abou t  3 mm.  The minimum i n -  
s t a n t a n e o u s  d e p t h  o f  g l o t t a l  c l o s u r e ,  j u s t  b e f o r e  o p e n i n g ,  
was a l m o s t  i n f i n i t e s i m a l l y  s m a l l .  
IsTeasurements o f  p a r t i c l e  t r a j e c t o r i e s  d u r i n g  s i m u l a t e d  
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normal  p h o n a t i o n  ( F i g .  7-2) formed t h e  main s o u r c e  o f  quan- 
t i t a t i v e  r e s u l t s  d i r e c t l y  r e l a t i n g  t o  p h o n a t i o n .  The s h a p e s  
o f  t h e  t r a j e c t o r i e s  were g e n e r a l l y  d e s c r i b e d  a s  p e r t u r b e d  
e l l i p s e s ,  a l t h o u g h  t r a j e c t o r i e s  of p a r t i c l e s  f u r t h e s t  f rom 
t h e  m i d l i n e  were more n e a r l y  s t r a i g h t  l i n e s .  Vovement 
a round  t h e  e l l i p s e s  bras c l o c k w i s e  i n  t h e  c o o r d i n a t e  sys t em 
w i t h  m e d i a l  t o  t h e  l e f t  and  s u p e r i o r  up .  The p e r t u r b a t i o n s  
- .  
- 
.r o f  t h e  e l l i p s e s  o f t e n  i n c l u d e d  seconda ry  l o o p s ,  which were 
>.I 
u s u a l l y  n e a r  t h e  most med ia l  p a r t s  o f  t h e  t r a j e c t o r i e s .  
V e r t i c a l  components were g r e a t e r  t h a n  horizontal components 
f o r  p a r t i c l e s  on  o r  n e a r  t h e  s u p e r i o r  s u r f a c e s  of  t h e  v o c a l  
f o l d s .  H o r i z o n t a l  components were g r e a t e r  f o r  more i n f e r i o r  
p a r t i c l e s .  I n  t e r m s  o f  t h e  o v e r a l l  v i b r a t i o n  p a t t e r n s ,  p a r -  
t i c l e s  on t h e  u n d e r s u r f a c e  g e n e r a l l y  moved l a t e r a l l y  d u r i n c  
t h e  c l o s e d  p e r i o d  and m e d i a l l y  d u r i n g  t h e  open p e r i o d .  Pa r -  
t i c l e s  on o r  n e a r  t h e  s u p r a ~ l o t t a l .  s u r f a c e  moved m e d i a l l y  
and s u p e r i o r l y  d u r i n g  t h e  c l o s e d  p e r i o d  and began movinc 
i n f e r i o r l y  and l a t e r a l l y  a t  t h e  b e g i n n i n g  o f  t h e  open p e r i -  
od .  The v i b r a t i o n s  were such  t h a t  p a r t i c l e s  n e a r  t h e  
s u p e r i o r - m e d i a l  "edge" o f  t h e  v o c a l  f o l d s  appea red  t o  be on 
t h e  s u p e r i o r  s u r f a c e  f o r  sone  p a r t s  o f  t h e  c y c l e s  and on 
t h e  g l o t t a l  walls d u r i n g  o t h e r  p a r t s  of t h e  c y c l e .  "Simul- 
t a n e o u s "  measurements  o f  t h e  t r a j e c t o r i e s  o f  two o r  more 
p a r t i c l e s  d u r i n g  a  r u n  ( p a r t s  G and  H o f  F i g .  7 - 2 )  r e v e a l e d  
p h a s e  d i f f e r e n c e s  between c o r r e s p o n d i n g  p a r t s  o f  t h e  t ra-  
j e c t o r i e s  o f  p a r t i c l e s  a t  d i f f e r e n t  v e r t i c a l  l e v e l s .  
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V i b r a t i o n s  o f  t h e  g l o t t a l  wall a n p e a r e d  t o  b e  d e s -  
c r i b a b l e  a s  d i s p l a c e m e n t  moves p r o p a g a t i n g  i n  t h e  s u p e r i o r  
d i r e c t i o n .  The v e r t i c a l ' p h a s e  d i f f e r e n c e s  and t h e  concave  
s h a p e  o f  t h e  g l o t t a l  w a l l s  n o t e d  i n  high-speec! f i l m s  o f  
p h o n a t i o n  ( F a r n s w o r t h ,  1Q110; Smi th ,  1354)  a r e  n a t u r a l  conse-  
quences  o f  t h i s  wave mot lon .  P r o p a g a t i o n  v e l o c i t y  was found 
t o  be a b o u t  1 m/sec.  G l o t t a l  c l o s u r e ,  which a c c o r d i n g  t o  
t h i s  c o n c e p t  r e s u l t s  from c o n t a c t  be tween  wave peaks  o f  b o t h  
s i d e s ,  a p p e a r e d  t o  p r o p a g a t e  a s  a v a v e .  The re  v a s  c l e a r l y  
a d i s p l a c e m e n t  wave p r o p a g a t i n g  l a t e r a l l y  on t h e  s u p e r i o r  
s u r f a c e s  o f  t h e  v o c a l  f o l d s .  Such waves c a n  a l s o  be s e e n  
i n  h igh - speed  f i l m s  o f  normal human p h o n a t i o n  ( v a n  d e n  Be rg ,  
1 9 5 8 ) .  The v e l o c i t y  o f  t h i s  wave was found  t o  be  a b o u t  
The s h a p e  o f  t h e  l ower  p a r t  o f  t h e  g l o t t i s  during t h e  
c l o s e d  p e r i o d  changed from t h a t  o f  a n  i n v e r t e d  V a t  t h e  be- 
g i n n i n g  o f < t h e  p e r i o d  t o  dome shaped  ( i n v e r t e d  U )  a t  t h e  end 
o f  t h e  p e r i o d  ( F i g ,  7 - 5 ) .  T h i s  p a t t e r n  c o u l d  be c o n s l s t e n t  
w i t h  t h e  n o t i o n  o f  a  p r o p a g a t i n g  wave and c o u l d  a l s o  be con- 
s i s t e n t  w i t h  t h e  n o t i o n  o f  o v e r a l l  mass d i s p l a c e m e n t  s u c h  
t h a t  t h e  f o l d s  ' ' r o l l "  a c r o s s  e a c h  o t h e r  ( F i g .  7-9 and F i g .  
7 - 1 0 ) .  
Peak- to-peak s u b g l o t t a l  p r e s s u r e  v a r i a t i o n s ,  t hough .  n o t  
measured  e x a c t l y ,  were  a t  l e a s t  357 and p o s s i b l y  a s  much a s  
1 0 0 %  o f  t h e  a v e r a g e  s u b g l o t t a l  p r e s s u r e . , A s p e c t s . o f '  t h e  
s u b g l o t t a l  p r e s s u r e  waveform were w e l l  c o r r e l a t e d  w i t h  t h e  
i n s t a n t  o f  maximum g l o t t a l  o p e n i n g  and were  a l s o  c o r r e l a t e d  
w i t h  t h e  i n s t a n t  o f  g l o t t a l  c l o s u r e  ( P i g .  7 -8 ) .  
Measurements  o f  t r a j e c t o r i e s  were  made w h i l e  t h e  t i s s u e s  
became d e s i c c a t e d  ( F i g .  7 -15 ) .  I n  some c a s e s ,  t h e  t i s s u e s  
became s o  d r y  t h a t  p h o n a t o r y  v i b r a t i o n s  were  no l o n g e r  s u s -  
t a i n e d .  P h y s i c a l  c o r r e l a t e s  of  d e s i c c a t i o n  were  presumably  
. i n c r e a s e  o f  s t i f f n e s s ,  l o s s  o f  mass ,  and /o r  change  o f  s u r f a c e  
p r o p e r t j e s .  Fundamenta l  f r e q u e n c y  g e n e r a l l y  I n c r e a s e d  a s  t h e  
t i s s u e s  became d e s i c c a t e d ,  though  sometimes b o t h  f u n d a m e n t a l  
f r e q u e n c y  and s u b g l o t t a l  p r e s s u r e  d e c r e a s e d .  The  p r i n c i p l e  
e f f e c t  o f  t i s s u e  d e s i c c a t i o n  on  t h e  t r a j e c t o r i e s  was d e c r e a s e ,  
i n  t h e i r  v e r t i c a l  components w i t h o u t  much change i n  t h e i r  
h o r i z o n t a l  components u n t i l  v i b r a t i o n s  s t o p p e d  c o m p l e t e l y .  
It was t h u s  conc luded  t h a t  v e r t i c a l  components a r e  c l o s e l y  
a s s o c i a t e d  w i t h  t h e  mechanisms f o r  s u s t a i n i n g  h o r i z o n t a l  
components .  The d e c r e a s e  o f  t h e  v e r t i c a l  components might  
. have  been  a s s o c i a t e d  w i t h  a d e c r e a s e  i n  t h e  magni tude  o f  t h e  
AC component o f  t h e  s u b g l o t t a l  p r e s s u r e  waveform. T h i s  e f -  
f e c t  s h o u l d  be s t u d i e d  i n  f u t u r e  work. P e r t u r b a t i o n s  i n  t h e  
t r a j e c t o r i e s  were n o t  a f f e c t e d  i n . a  s y s t e m a t i c  way by t i s s u e  
d e s i c c a t i o n .  Thus ,  t h e  p e r t u r b a t i o n s  t h e m s e l v e s  d i d  n o t  
a p p e a r  t o  be e s s e n t i a l  f o r  p h o n a t i o n .  Yeasurement o f  t h e  
f i n a l  s t a t i c  p o s i t i o n  o f  a p a r t i c l e  ( F i g .  7 - 1 8 ~ )  a f t e r  t h e  
v i b r a t i o n s  s p o n t a n e o u s l y  s t o p p e d  showed t h e  t r a j e c t o r y  
c o u l d  be  c o n s i d e r e d  as  o s c i l l a t i o n  a b o u t  a  s t a t i c  o p e r a t i n g  
p o i n t  w i t h i n  t h e  t r a j e c t o r y .  The o p e r a t i n g  p o i n t  i s  ap- 
p a r e n t l y  l a t e r a l  and  s u p e r i o r  t o  t h e  r e s t  p o s i t i o n  o f  t h e  
p a r t i c l e  w i t h  z e r o  s u b g l o t t a l  p r e s s u r e  ( F i g .  7-18n, Fig. 
E x c i s e d  l a r y n x e s  were a b l e  t o  produce  nea r ly -no rma l  
v i b r a t i o n  p a t t e r n s  even  when t h e  v o c a l i s  musc le  on one  o r  
b o t h  s i d e s  was c o m p l e t e l y  removed. The t r a j e c t o r i e s  o f  p a r -  
t i c l e s  n e a r  t h e  s u p e r i o r  s u r f a c e s  o f  t h e s e  v o c a l  f o l d s  were 
s imilar  t o  t h o s e  f rom p r e p a r a t i o n s  w i t h  i n t a c t  m u s c l e s ,  ex- . 
c e p t  t h a t  t h e  ma jo r  a x e s  o f  t h e  e l l i p s e s  t i l t e d  i n  t h e  
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s u p e r o - l a t e r a l  d i r e c t i o n  r a t h e r  t h a n  t h e .  s 'upero-medial  d i -  
r e c t i o n .  With t h e  exc i sed -musc le  p r e p a r a t i o n s ,  t h e  a p p a r e n t  
waves on  t h e  g l o t t a l  w a l l s  c o u l d  a l s o  b e  o b s e r v e d  on  t h e  
e x t e r n a l  s u r f a c e s  o f  t h e  membranes. A s i m i l a r  p r o p a g a t i o n  
v e l o c i t y  ' ( 1 . 1  m/ sec . )  was measured .  It d i d  n o t  seem pos- 
s i b l e  t o  p roduce  f a l s e t t o  p h o n a t i o n  w i t h  exc i sed -musc le  p r e -  
p a r a t i o n s .  T h i s  r e s u l t  seems c o u n t e r i n t u i t i v e ,  s i n c e  f a l -  
s e t t o  i s  t h o u g h t  o f  a s  i n v o l v i n g  o n l y  t h e  t i g h t l y  s t r e t c h e d  
v d c a l  l i g a m e n t  w h i l e  c h e s t  v o i c e  i s  t h o u b h t  t o  i n v o l v e  b o t h  
t h e  muscle  and t h e  l i g a m e n t .  ( T h i s  r e s u l t  s u c g e s t s  t h a t  t h e  
v o c a l  musc le  on  t h e  s u p e r i o r  s u r f a c e  o f  t h e  f o l d  must be  
p r e s e n t  t o  l i m i t  v i b r a t i o n s  o f  t h e  l i g a m e n t  and /o r  s u n p r e s s  
v i b r a t i o n s  on o t h e r  p a r t s  o f  t h e  f o l d s  i n  o r d e r  t o - p r o d u c e  
f a l s e t t o . )  It was n o t  p o s s i b l e  t o  ?reduce c h e s t  r e g i s t e r  
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p h o n a t i o n  vhen  t h e  v o c a l  l i g a m e n t  was s i g n i f i c a n t l y  i m p a i r e d .  
Thus ,  p r o p e r t i e s  of' th-e v o c a l  l i g a m e n t  a r e  i m p o r t a n t  f o r  
c h e s t  v o i c e .  The  e x p e r i m e n t s  a l s o  show t h a t  t h e  s u p r a g l o t t a l  
wave o b s e r v e d  i n  c h e s t  v o i c e  p h o n a t i o n  o f  "normal"  l s r y n x e s  
i s  n o t  n e c e s s a r y  f o r  phonat l .on .  
F e a s u r e n e n t s  w e r e  made on n o n - v i b r a t i n g  l a r y n x e s  t o  r e -  
c o n s t r u c t  t h e  g l o t t a l  shapes  ( i n  f r o n t a l  s e c t i o n )  when t h e y  
were I n i t i a l l y  c l o s e d  b u t  g r a d u a l l y  opened a s  s u b g l o t t a l  
p r e s s u r e  \!as i n c r e a s e d  ( P i g .  7-21 and 7 - 2 2 ) .  The d a t a  con- 
t a i n  a  s y s t e m a t i c  b i a s ,  s i n c e  measurements  were made i n  o r d e r  
o f  i n c r e a s i n g  s u b g l o t t a l  p r e s s u r e  and t h e  t i s s u e s  became 
d e s i c c a t e d  d u r i n g  t h e  r u n s .  The d a t a  were u s e d , t o  t e s t  some 
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o f  t h e  a s s u m p t i o n s  and e v a l u a t e  some o f  t h e  c o n s t a n t s  o f  t h e  
two-mass model ( i n  Chap. 8 ) .  Because o f  t h e  e x p e r i m e n t a l  
d i f f i c u l t i e s ,  c o n c l u s i o n s  a b o u t  t h e  mechan ica l  s y s t e m  are 
t e n u o u s .  IIowever, c o n c l u s i o n s  r e l a t i n g  t o  t h e  aerodynamic  
s y s t e m  depend o n l y  on t h e  measurements  f o r  a s i n g l e  v a l u e  o f  
s u b g l o t t a l  p r e s s u r e  and a r e  t h u s  l e s s  s e n s i t i v e  t o  t h e  ex- 
p e r i m e n t a l  p rob lems .  
Us lng  t h e  t h r e e  d a t a  p o i n t s  i n  F i g .  7-211 and some a d d i -  
t i - o n a l  i n f o r m a t i o n ,  e s t i m a t e s  were made o f  t h e  s h a p e  o f  t h e  
v o c a l  f o l d  a t  e a c h  phase  i n c r e m e n t  ( F i g s .  7-11 and  7 -12 ) .  
Accord ing  t o  t h e s e  s k e t c h e s ,  t h e  s u r f a c e  t i s s u e s  o f  t h e  l a -  
r y n x  were s i g n i f i c a n t l y  s t r e t c h e d  i n  t h e  v e r t i c a l  d i r e c t i o n  
d u r i n g  t h e  c l o s e d  p e r i o d  and s l a c k e n e d  d u r i n g  t h e  open p e r i o d  
. 7 - 1 4 )  Assuming t h e  l a r y n g e a l  t i s s u e s  t o  be  incom- 
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p r e s s i b l e ,  i t  was n o t  p o s s i b l e  t o  a c c o u n t  f o r  t h e  nass o f  t h e  
v o c a l  folc ls  t h roughou t '  a c y c l e  on t h e  b a s i s  of  t h e  s k e t c h e s  
( F i g s . , 7 - l l l  and  7-15) .  The s k e t c h e s  show t h a t  t h e r e  i s  ef -  
f e c t i v e  a i r f l o w  d u r i n g  t h e  c l o s e d  p e r i o d  due  t o  t h e  d i s p l a c e -  
ment o f  volume above  and below c l o s u r e .  However, a n a l y s i s  
o f  t h e  magni tude  o f  t h i s  e f f e c t  ( F i g .  7-16) showed t h a t  i t  
p roduced  f l o w  r a t e s  i n s i g n i f i c a n t  ( l e s s  t h a n  5 % )  compared t o  
t h o s e  o f  t h e  open p e r i o d  ( F i g .  8 - 3 ) .  
The form o f  t h e  s k e t c h e s  o f  t h e  v o c a l  f o l d s  a t  d i f f e r e n t  
p h a s e s  o f  t h e  v i b r a t i o n  c y c l e  s u g g e s t e d  t h a t  s t r i n g  v i b r a -  
-. 
t i o n s  o f  t h e  v o c a l  l i g a m e n t ,  as w e l l  as t h e  s u r f a c e  waves 
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on t h e  mucosa and  conus  e l a s t i c u s ,  c o n t r i b u t e d  t o  t h e  v i b r a -  
t i o n  p a t t e r n s  ( F i g .  7 -17) .  These " s t r i n g  v i b r a t i o n s  I n c l u d e d  
b o t h  t r a n s l a t i o n  o f  t h e  mass o f  t i le  s t r i n g  a round  t h e  t r a -  
j e c t o r y  and a l s o  t o r s i o n a l  f l e x u r e  o f  t h e  s t r i n g .  T h i s  con- 
c e p t  i s  d i s c u s s e d  f u r t h e r  below.  
The s k e t c h e s  and aerodynamic d a t a  o b t a i n e d  d u r i n g  pho- 
n a t i o n  and from t h e  s t a t i c  e x p e r i m e n t s  were a n a l y z e d  u s l n g  
t h e  framework o f  t h e  two-mass model.  I n  o r d e r  t o  a p p l y  a  
t w o - s e c t i o n  f i t  t o  t h e  s k e t c h e s  o f  t h e  g l o t t i s ,  i t  was ne- 
c e s s a r y  f o r  t h e  s e c t i o n s  t o  v a r y  i n  v e r t i c a l  p o s i t i o n .  Ac- 
. c o r d i n g  t o  t h e  f i t t i n g  a l g o r i t h m  a d o p t e d ,  t h e  l ower  s e c t i o n  
n e v e r  c l o s e d  d u r i n g  t h e  g l o t t a l  c y c l e .  V e r t i c a l  movements 
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1 o f  t h e  s e c t i o n s  were found t o  be  o f  a b o u t  t h e  same-magni tude  
a s  t h e  h o r i z o n t a l  movements ( F i g .  8 -1 ) .  
The aerodynamic  t h e o r y  o t  t h e  two-mass model ,  as formu- 
l a t e d  by I s h i z a k a  and ? , l a t suda i r a  ( 1 9 6 8 ,  1972)  was a d e q u a t e  
t o  r o u g h l y  a c c o u n t  f o r  t h e  r e l a t i o n s h i p s  between a v e r a g e  
s u b g l o t t a l  p r e s s u r e  and a v e r a g e  a i r f l o w .  The i n t r a g l o t t a l  
p r e s s u r e  p r e d i c t e d  by t h i s  t h e o r y  ( P i g .  8-4) was r e a s o n a b l e  
t o  t h e  e x t e n t  t h a t  It f e d  ene rgy  t o  t h e  mechan ica l  s y s t e m  
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( F i g .  8 -5 ) .  These t e s t s  o f  t h e  t h e o r y  a r e  n o t  v e r y  s e n s l -  
- .  
- 
! .: t i v e ,  however.  
. 
Using  t h e  r e s u l t s  o f  t h e  s t a t i c  e x p e r i m e n t s ,  a t t e m p t s  
were made t o  e s t i m a t e  v a l u e s  f o r  t h e  e l a s t i c  c o n s t a n t s  o f  
t h e  t so-mass  model .  The sum k1 + kc was e s t i m a t e d  t o  be 
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a b o u t  1 0  dynes/cm. ,  o r  a b o u t  a n  o r d e r  o f  magni tude  l e s s  t h a n  
t h a t  s u g g e s t e d  b y  o t h e r  i n v e s t i g a t o r s .  Al though 'some f u r t h e r  
e s t i m a t e s  o f  e l a s t i c  c o n s t a n t s  were made, t h e  l i n e a r i z e d  
m e c h a n i c a l  model c o u l d  n o t  be w e l l  f i t  t o  t h e  d a t a .  The r e -  
s u l t s  s u g g e s t e d ,  however,  t h a t  kc i s  g r e a t e r  tha 'n b o t h  hl and 
k 2 *  
Very rough  a n a l y s e s  o f  t h e  dynamic r e s u l t s  y i e l d e d  s i -  
m i l a r  e s t i m a t e s  f o r  t h e  e l a s t i c  c o n s t a n t s  kl and kc .  It a l s o  
s u g g e s t e d  a  v a l u e  o f  0.4 f o r  t h e  damping. c o n s t a n t ,  d l ,  i n -  
p l y i n g  a  more damped sys t em t h a n  t h a t  s u g ~ e s t e d  by o t h e r  
i n v e s t i g a t o r s .  
I n  summary, t h e  r e s u l t s  o f  e v a l u a t i n g  t h e  two-mass n o d e l  
s u g g e s t e d  t h a t  i t s  aerodynamic a s p e c t s  c o u l d  a c c o u n t  f o r  o u r  
r e s u l t s  b u t  i t s  mechan ica l  a s p e c t s  were i n a d e q u a t e  i n  some 
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r e s p e c t s .  ( I t  was p o i n t e d  o u t ,  however ,  t h a t  o u r  t e s t s  o f  
t h e  aerodynamic  model -were n o t  v e r y  s e n s i t i v e .  Ac tua l  dyna- 
mic s u b g l o t t a l  p r e s s u r e  and dynamic g l o t t a l  flov: were no t  
measured f o r  t h e  expe r imen t  w i t h  p h o n a t i o n ,  and t h e  v e r t i c a l  
d i s t r i b u t i o n  o f  p r e s s u r e  was no t  measured i n  any o f  t h e  ex-  
p e r i m e n t s . )  U i t h  r e s p e c t  t o  t h e  mechan ica l  model ,  a l t h o u g h  
t h e  d a t a  l e a d i n g  t o  t h e  s t a t i c  a n a l y s i s  i n  C h a p t e r  8 were 
q u e s t i o n a b l e ,  t h e  dynamic a n a l y s e s  showed t h a t  v e r t i c a l  
movements o f  t h e  f o l d s  cou ld  n o t  be  i g n o r e d .  I n  C h a p t e r  7 ,  
n o t  o n l y  were v e r t i c a l  components o f  t h e  v i b r a t i o n s  found 
t o  b e  s i g n i f i c a n t  i n  magni tude ,  b u t  a l s o  t h e  r e s u l t s  o f  t h e  
m e a s u r e ~ e n t s  d u r i n g  t i s s u e  d e s i c c a t i o n  s u ~ g e s t e d  t h a t  t h e y  
were f u n c t i o n a l l y  s i g n i f i c a n t .  ( I t  might  be a r g u e d  t h a t  t h e  
v e r t i c a l  movements c o u l d  be  i g n o r e d  i f  t h e y  were i n d e p e n d e n t  
o f  t h e  h o r i z o n t a l  movements, b u t  a p p a r e n t l y  t h e y  were n o t . )  
I leasuremcnt  o f  t h e  s u b g l o t t a l  p r e s s u r e  waveform showed t h a t  
r e l a t i v e l y  l a r g e  v a r i a t i o n s  i n  v e r t i c z l  f o r c e s  were  p roduced  
d u r i n g  a  c y c l e ,  a s e x p e c t e d  from models and i n  agreement  
w i t h  some m e a s u r e ~ e n t s  on humans ( s e e  Chaps.  3 and  4 ) .  Ana- 
l y s e s  o f  t h e  s k e t c h e s  o f  t h e  f r o n t a l  s e c t i o n s  showed t h a t  
t h e  s u r f a c e  t i s s u e s  were s t r e t c h e d  d u r i n g  t h e  c y c l e  ( p r e -  
sumably p r o d u c i n g  v e r t i c a l  f o r c e s )  and  a l s o  t h a t  t h e  g l o t t i s  
assumed s h a p e s  which c o u l d  n o t  be  well app rox ima ted  b y  a  
t w o - s e c t i o n  model.  F i n a l l y ,  a c c o u n t i n g  f o r  t h e  d u r a t i o n  o f  
t h e  c l o s e d  p o r t i o n  o f  t h e  g l o t t a l  p e r i o d ,  which i s  hand led  
i n  a n  -- ad  hoc f a s h i o n  i n  two-mass-model s l m u l a t i o n s ' ( I s h i z a k a  
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and  F l a n a g a n ,  1 9 7 2 ) ,  a p p e a r e d  t o  f o l l o w  from t h e  d e s c r i p , t i o n  
o f  g l o t t a l  c l o s u r e  a s  -a wave o r  w a v e l i k e  phenomenon. Tha t  
i s ,  a l t h o u g h  t i s s u e s  were aln-,ost immed ia t e ly  p e e l e d  a p a r t  
a t  t h e  l o w e r  edge  o f  c l o s u r e ,  t i s s u e s  on e a c h  f o l d  above 
c l o s u r e  c o n t i n u e d  t o  move t o n a r d  t h e  m i d l i n e .  
We have s u g g e s t e d ,  a s  an  a l t e r n a t i v e  t o  t h e  two-mass 
model ,  one which p r o v i d e s  f o r  membrane o r  s u r f a c e  waves on 
t h e  conus  e l a s t i c u s  and mucous membrane and a l s o  p o s s i b l y  
s t r i n g  v i b r a t i o n s  o f  t h e  v o c a l  l i g a m e n t .  T h i s  c o n c e p t  b e a r s  
some s i m i l a r i t y  t o  t h e  t h e o r y  r e c e n t l y  d i s c u s s e d  by Hi rano  
( 1 9 7 4 ) ,  i n  which v i b r a t i o n s  o f  t h e  mucous membrane ( t r e a t e d  
a s  t h e  "cover1 '  o f  t h e  v o c a l  f o l d )  were d i f f e r e n t i a t e d  f rom 
t h o s e  o f  a l l  t h e  m u s c u l a r  and e l a s t i c  t i s s u e s  ( t h e  "body" o f  
t h e  v o c a l  f o l d ) .  Because o f  t h e  r e s u l t s  o f  t h e  e x p e r i m e n t s  
w i t h  e x c i s e d  v o c a l  m u s c l e s ,  however,  we c o n s i d e r  t h e  mucous 
membrane and conus e l a s t i c u s  t o  form a  s i n g l e  v i b r a t o r y  u n i t  
i n  t h e  l a t e r a l  d imens ion .  It i s  n o t  c l e a r  whe the r  t h e  li- 
gament s h o u l d  b,e c o n s i d e r e d  t o  i n c l u d e  i t s  mucous c o v e r  a s  a  
s i n g l e  u n i t .  
The p o s s i b l e  m o d e l l i n g  i m p l i c a t i o n s  o f  o u r  c h a r a c t e r i z a -  
t i o n  o f  t h e  m e c h a n i c a l  v i b r a t i o n s  a r e  t h a t  t h e  v o c a l  l i g a m e n t  
s h o u l d  have  a n  e s s e n t i a l l y  lumped-parameter  r e p r e s e n t a t i o n  
( c o n s i s t i n g  o f  p e r h a p s  o n l y  one mass)  w h i l e  t h e  model o f  t h e  
membrane s h o u l d  be e s s e n t i a l l y  d i s t r i b u t e d  ( c o n s i s t i n g  'of 
s e v e r a l  s m a l l  c o u p l e d  m a s s e s ) .  These masses  s h o u l d  be  mov- 
a b l e  i n  t h e  v e r t i c a l  a s  w e l l  a s  t h e  h o r i z o n t a l  d i r e c t i o n .  
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The model f o r  t h e  l i g a m e n t  might  i n c l u d e  t o r s i o n a l  f l e x u r e  
( r o t a t i o n ) .  The masses a s s o c i a t e d  w i t h  t h e  membrane have a  
r e l a t i v e l y  s m a l l  e f f e c t i v e  t h i c k n e s s  ( r a t i o  o f  mass t o  s u r -  
f a c e  a r e a )  and  a r e  exposed t o  aerodynamic f o r c e s  with l a r g e  
dynamic components .  The l i g a m e n t  h a s  g r e a t e r  r a t i o  of  mass 
t o  s u r f a c e  a r e a  and i s  exposed ( d i r e c t l y  o r  i n d i r e c t l y )  t o  
r e l a t i v e l y  s m a l l  ae rodynamic  f o r c e s .  The f o r c e s  on  t h e  
1ie;ament a re  a  consequence  o f  mechan ica l  c o u ~ l i n l ~ ,  from t h e  
membrane. The e l e m e n t s  r e p r e s e n t i n g  t h e  membrane m u s t  bc  
a d j u s t e d  s u c h  t h a t  a  d i s t u r b a n c e  a t  one s e c t i o n  i n  t h e  p r e -  
s e n c e  o f  a i r f l o w  p r o p a e a t e s  dovns t ream a t  an  e f f e c t i v e  
v e l o c i t y  o f  a b o u t  1 m/sec. 
It i s  u n c l e a r ,  b o t h  f o r  t h e  model and f o r  t h e  r e a l  
l a r y n x ,  vrhat mechanisms a r e  r e s p o n s i b l e  f o r  c o n t r o l l i n g  s u c h  
a s p e c t s  o f  t h e  v i b r a t i o n s  a s  fundamenta l  f r e q u e n c y  and open 
q u o t i e n t .  A t  l e a s t  i n  some modes o f  v i b r a t i o n ,  t h e  p r o p e r -  
t i e s  o f  t h e  v o c a l  l i g a m e n t  must b e  p r i m a r i l y  r e s p o n s i b l e  f o r  
c o n t r o l l i n g  fundamen ta l  f r e q u e n c y .  However, i n  c h e s t  r e -  
g i s t e r ,  w e  c a n  s p e c u l a t e  t h a t  t h e  p r o p e r t i e s  o f  t h e  menbran? 
a r e  a l s o  i m p o r t a n t .  T h i s  n o t i o n  might  be  s u p p o r t e d  b y  t h e  
ex t r eme  dependence  o f  t h e  per formance  o f  e x c i s e d  l a r y n x e s  
on t h e  p r o p e r t i e s  of  t h e  t i s s u e s  ( s i n c e  pe r fo rmance  o a s  
s e v e r e l y  a f f e c t e d  b e f o r e  t h e  p r o p e r t i e s  o f  t h e  l i gamenb  c o u l d  
have  changed v e r y  much). 
We have n o t e d  t h a t  t h e  v i b r a t i n g  p o r t i o n  o f  t h e  meabrane 
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was r o u g h l y  5 mrn. i n  v e r t i c a l  e x t e n t  and t h a t  wave v e l o c i t y  
was 1 m/sec . ,  s o  t h a t  'a wave t r a v e r s e d  t h e  e x t e n t  o f  t h e  
.membrane i n  a b o u t  5 msec. A t  a  fundamenta l  f r e q u e n c y  o f  
100 Hz:- r o u g h l y  t h e  a v e r a g e  fundamen ta l  f r e q u e n c y  produced  
w i t h o u t  s t r e t c h i n g  t h e  f o l d s  I n  t h e s e  e x p e r i m e n t s  - t h e  ex- 
t e n t  o f  t h e  membrane \+!as 1 / 2  wavelength  s o  t h a t  d i s t r u b a n c e s  
t r a v e r s e d  t h e  membrane i n  1 / 2  c y c l e .  Thus ,  a s  t h e  g l o t t i s  
opened ,  a  m e d i a l  d e f l e c t i o n  o c c u r r e d  n e a r  t h e  b a s e  o f  t h e  
membrane and  t h i s  d e f l e c t i o n  r e a c h e d  t h e  l e v e l  of t h e  l i g a -  
ment 1 / 2  c y c l e  l a t e r , \  p u l l i n g  i t  c l o s e d  z g a i n .  Pe rhaps  t h e  
mechanism o f  p h o n a t i o n  r e q u i r e d  t h a t  t h e  v e r t i c a l  e x t e n t  o f  
t h e  membrane r ema in  i n  some f i x e d  r a n g e  v i t h  r e s p e c t  t o  a 
wave leng th  (whose magni tude  v a r i e s  i n v e r s e l y  w i t h  fundamen ta l  
f r e q u e n c y ) .  A c o r r e l a t i o n  between v o c a l  f o l d  t h i c k n e s s  and 
f u n d a m e n t a l  f r e q u e n c y  h a s  been n o t e d  f o r  normal  human phona- 
t i o n  ( H o l l i e n  and  C o l t o n ,  1 ~ 6 9 ;  I I o l l i e n  and  Coleman, 1 9 7 0 ) .  
It i s  i n t e r e s t i n g ,  though n o t  n e c e s s a r i l y  m e a n i n g f u l ,  t o  n o t e  
t h a t  when t h e  fundamen ta l  f r equency  i s  50 Hz. ( a b o u t  t h e ,  
l o w e s t  f r e q u e n c y  produced  by e x c i s e d  l a r y n x e s  i n  c h e s t  v o i c e ) ,  
t h e  e x t e n t  o f  t h e  membrane would be j u s t  1 / 4  w a v e l e n g t h .  I t  
is t e m p t i n g  t o  s p e c u l a t e  t h a t  i t  i s  j u s t  t h i s  r e l a t i o n s h i p  
which s e t s  t h e  l o w e r  l i m i t  o f  fundamen ta l  f r e q u e n c y .  
S u g g e s t i o n s  - f o r  F u r t h e r  Research  
F u r t h e r  e x p e r i m e n t a t i o n  and t h e o r e t i c a l  a n a l y s i s  a r e  
r e q u i r e d  t o  f u r t h e r  s p e c i f y  and e v a l u a t e  t h e  model o f  t h e  
v o c a l  f o l d s  and t o  c o n f i r m  o r  r e f u t e  t h e r s p e c u l a t i o n s ,  con- 
t a i n e d  i n  t h e  p r e v i o u s  p a r a g r a p h s .  Such q u e s t i o n s  as 
w h e t h e r  t h e  p r o p a g a t i o n  v e l o c i t y  depends  on t h e  l e n g t h  o f  
t h e  g l o t t i s  o r  t h e  r a t e  o f  a i r f l o w  p a s t  t h e  t i s s u e s ,  o r  
w h e t h e r  t h e  e f f e c t i v e  v e r t i c a l  e x t e n t  o f  t h e  membrane v a r i e s  
w i t h  s u b g l o t t a l  p r e s s u r e  might be i n v e s t i g a t e d .  It would 
a l s o  b e  u s e f u l  t o  d e t e r m i n e  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  
- -  
- 
l i g a m e n t  i n  t h e  a b s e n c e  o f  aerodynamic f o r c e s .  
- 
3 ? .: I n  g e n e r a l ,  t h e  t e c h n i q u e s  deve loped  f o r  t h i s  t h e s i s  
- 
c a n  b e  e x p l o l t e d  i n  f u t u r e  work b o t h  t o  o b t a i n  more and 
b e t t e r  d a t a  o f  t h e  t y p e  a l r e a d y  c o l l e c t e d  and t o  e x t e n d  t h e  
t y p e  o f  measurements  made. Alone w i t h  more comple t e  measure-  
ments of glottal shapes, better measurements of subglottal 
pressure waveforms and the inclusion of measurements of the 
glottal volume velocity waveforms are needed. With these 
data,'it would be possible to systematically study the 
aerodynamic properties of actual glottal shapes and ade- 
quately test models of the aerodynamic system. For example, 
rigid models of the glottis could be reconstructed from 
the measurements and be instrumented for detailed aero- 
dynamic measurements (using techniques such as those of van 
den Berg, 1357). Measurements of the pressure distributicn 
within an actual glottis might also be made, at least during 
static experiments. 
The properties of the mechanical systen may also be 
more systematically studied. The static experiments des- 
<> 
cribed in Chapter 7, for exanple, would be more useful if 
the effects of tissue -desiccation were removed and also if 
the vertical distribution of pressure were known more 
accurately. The properties of the mechanical systen could 
also be profitably studied by applying dynamic excitations. 





nical response to spatially-constant but time-varying intra- 
- .  
- glottal pressure, if such a pressure could be produced. 2 
.- To produce it would require the attachment of a supraglottal 
chamber.) This kind of experiment would not only produce 
direct measurement of the mechanical impedance of the folds, 
but ~ o u l d  also provide a direct test of the importance of 
vertical distribution of glottal pressure (as opposed to the 
magnitude of intraglottal pressure itself) in producing vocal 
fold novernents. It would also be useful to apply direct 
mechanical (vibrotactile) excitations - for example, over 
small areas to deternine whether waves are propagated and 
measure their properties. Lcteral distribution of the 
vibrations is another aspect of the mechanical system that 
can be studied using various techniques. Finally, in order 
to- investigate the function of the vocalis muscle, techniques 
for manipulating 
gated. 
its physical properties might investi- 
The effects of the subglottal system on phonat'ion .should 
be investigated in more detail. In addition, if a supra- 
glottal tract were attached, the effects of the vocal tract 
L- 
could be studied. Experiments in which larynxes are actuated 
with gasses other than' air and under abnormal ambient 
pressure conditions may also improve our understznding of 
phonation. 
Although the research described here was largely con- 
cerned with the detailed study of steady phonation using 
stroboscopic techniques, it would be extremely worthwhile 
to study in detail the initiationof phonation using high- 
speed techniques. Careful observation should be made of 
the initiation of vibrations from both the subglottal and 
supraglottal aspects. These observations would determine, 
for example, whether phonatory vibrations originate as 
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s u b g l o t t a l  r i p p l e s  o r  as d e f l e c t i o n s  o f  t h e  t i s s u e s  i n  t h e  
s u p e r i o r  p a r t s  o f  t h e  g l o t t i s .  
F i n a l l y ,  i t  i s  p o i n t e d  o u t  t h a t  some o f  t h e  measurements  
made on  e x c i s e d  c a n i n e  p r e p a r a t i o n s  s h o u l d  a l s o  be  r e p e a t e d  
on  e x c i s e d  human p r e p a r a t i o n s  and  u l t i m a t e l y  a l s o  on l i v e  
c a n i n e  p r e p a r a t i o n s .  It was p o i n t e d  o u t  i n  C h a p t e r  1 t h a t  
t h e  e x p e r i m e n t s  r e p o r t e d  h e r e  a p p l y  d i r e c t l y  o n l y  t o  phona- 
t i o n  a s  p roduced  by e x c i s e d  c a n i n e  l a r y n x e s .  The a d d i t i o n a l  
e x p e r i m e n t s  would h e l p  t o  d e t e r m i n e  b o t h  t h e  i m p o r t a n c e  o f  
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